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ABSTRACT: We present a systematic comparison of theoretical predictions and various high-
precision experimental measurements, specifically of differential cross sections performed
by the LHC run II for Drell-Yan gauge boson, top-quark pair, single-inclusive jet and di-
jet production, and by HERA for single-inclusive jet and di-jet production. Theoretical
predictions are computed at next-to-next-to-leading order (NNLO) accuracy in perturbative
Quantum Chromodynamics. The most widely employed sets of Parton Distribution Functions
(PDFs) are used, and PDF, strong coupling, and missing higher order uncertainties are
taken into account. We quantitatively assess the predictive power of each PDF set and
the contribution of the different sources of experimental and theoretical uncertainty to the
agreement between data and predictions. We show that control over all of these aspects is
crucial to precision physics studies, such as the determination of Standard Model parameters
at the LHC.
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1 Introduction

The remarkable progress witnessed by the determination of the parton distribution functions
(PDFs) of the proton [1-4] in recent years has been driven by three factors: the extension
of the input dataset, in particular thanks to high-precision Large Hadron Collider (LHC)
measurements; the improvement of the accuracy of theoretical computations, now reaching the
approximate next-to-next-to-next-to-leading order (aN®LO) in the strong coupling; and the
investigation of several methodological aspects, specifically with respect to the quantification
of PDF uncertainties. Some groups [5-8| provide regular updates of their PDF determinations
based on a broad input dataset, while other groups focus on the interpretation of restricted
subsets of data [9-11]. All of these PDF sets differ, sometimes by amounts that are larger than
their nominal uncertainties, which can have very disparate size in different PDF sets. In order
to understand the origin of these differences, several benchmark studies have been performed
over the years [12-27]. In particular, it was shown [26] that PDFs determined from an identical



set of experimental data and theoretical predictions with three different methodological
frameworks [6, 7, 28] displayed similar central values but somewhat different uncertainties.
These differences should likely be ascribed to the different methodological framework.

These differences challenge the theoretical interpretation of the outcome of PDF determi-
nations in terms of the underlying proton structure, as highlighted by the ongoing discussion
concerning the possible existence of intrinsic charm quarks in the proton [29-31]. Furthermore,
they degrade the physics reach of core LHC analyses sensitive to PDFs, concerning both the
measurements of fundamental Standard Model (SM) parameters — like the strong coupling
as(mz), the W-boson mass myy, and the effective leptonic mixing angle sin? 95& — and direct
(resonance-like) and indirect (effective-field-theory (EFT)-like) searches for physics beyond
the SM. The first aspect is illustrated, for instance, by the large PDF dependence of the
high-mass forward-backward asymmetry in Drell-Yan gauge boson production [32-34]. The
second aspect is illustrated by the interplay between PDFs and possible EFT contamination
in high-pr top-quark pair and Drell-Yan cross section measurements [35—41].

Recent LHC analyses have highlighted this far-from-ideal state of affairs. Here are three
examples. First, the ATLAS determination of the strong coupling as(myz) from neutral-
current Drell-Yan differential measurements in the transverse momentum of the Z boson [42].
This is the most precise a determination ever performed from a single experiment, with a
quoted uncertainty 6 = 9-10~%. Of this value, the uncertainty due to the PDF is estimated
to be the dominant component, dpar = 5 - 1074, using the MSHT20 aN3LO fit [43]. However,
if the PDF uncertainly is defined as the difference between central predictions obtained with
the CT18A [6] and NNPDF4.0 [8] PDF sets, one gets an uncertainty which is four times
larger, dpar = 2 x 1073, Second, the CMS measurement of the effective leptonic mixing
angle sin? Hgﬁr [44]. In this case, the PDF uncertainty is estimated to be dpqr = 0.14% using
the CT18Z PDF set [6], while the spread of the central results obtained with CT18 [6] and
MSHT [7] (before profiling) is around a factor of five larger, dpq¢ = 0.7%. Third, the updated
ATLAS measurement of the W mass at 7TeV [45]. In this case, the PDF uncertainty is
estimated to be dpqr = 7.7 (14.6) MeV in the lepton transverse momentum p (transverse
mass mp) channel, to be compared with the spread between NNPDF4.0 and MSHT20
which gives twice that estimate, dpqf = 17 (21) MeV. Similar considerations apply to the
precise myy measurement performed by the CMS collaboration [46]. Each of these analyses
selects a different baseline PDF set, with other possible choices of PDFs yielding a central
value potentially outside the quoted PDF uncertainties. Finally — and crucially — these
analyses do not satisfactorily consider the back-reaction of the precision measurement under
scrutiny on all other datasets entering a PDF fit [47], which is especially relevant when
profiling /reweighting techniques for in situ calibration are used.

These considerations highlight the importance of understanding the origin of the differ-
ences observed when computing theoretical predictions with different PDF sets. Comple-
menting existing benchmark studies that tackle this question, here we investigate whether
existing PDF sets can be discriminated according to their predictive power of high-precision
measurements not included in their determination. We will specifically consider cross sections
measured by the LHC run II for Drell-Yan gauge boson, top-quark pair, single-inclusive
jet and di-jet production, and by HERA for single-inclusive jet and di-jet production. We



will compare these experimental data to theoretical predictions computed at next-to-next-
to-leading order (NNLO) accuracy in perturbative Quantum Chromodynamics (QCD) and
quantitatively assess their mutual agreement. We will take into account all sources of the-
oretical uncertainty in this assessment, namely PDF, oy, and missing higher order (MHO)
uncertainties. We will study the dependence of this assessment on the input PDF set. This
exercise is an extension of the future test introduced in [48].

The outline of this paper is as follows. In section 2 we present the considered LHC
and HERA measurements and the computation of the corresponding theoretical predictions.
In section 3 we describe how we quantitatively assess the agreement between experimental
data and theoretical predictions, and in particular how we account for PDF, ags, and MHO
uncertainties in this assessment. In section 4 we present a selection of representative results
for each class of measurements, highlighting the relative contribution of the various sources
of theoretical uncertainty in the description of the data, and commenting on features that
are common to or different from various PDF sets. We summarise our findings in section 5.
Two appendices complete the paper. Appendix A quantifies the impact of regularizing ill-
conditioned experimental covariance matrices in the assessment of the data-theory comparison.
Appendix B collects the complete set of results not shown in section 4.

2 Experimental data and theoretical predictions

In this section, we present the experimental data considered in this work and the details
of the corresponding theoretical computations. The data has been selected according to
the following criteria.

e« We consider datasets for scattering processes that provide information on PDFs of
different partons (quarks, antiquarks, gluon) in a broad kinematic region of = and Q2.
For a given process, we select the dataset based on the largest integrated luminosity
available.

o« We avoid datasets that are already included in PDF determinations used to compute
theoretical predictions, to avoid double-counting. The only exception is the recent
re-analysis of the Z data at a centre-of-mass energy of 8 TeV by ATLAS [42].

o We consider datasets for which the corresponding theoretical predictions can be com-
puted at NNLO in perturbative QCD using event generators interfaced to fast inter-
polation grids. This avoids reliance on K-factors and allows one to readily evaluate
predictions upon changes of input PDF set and factorisation and renormalisation scales.

e We only consider datasets for which the corresponding experimental information is
publicly available, in particular through the HEPDATA repository [49].

Taking into account these requirements, the ATLAS, CMS, LHCb, H1, and ZEUS
datasets that are considered in this study are summarised in table 1, classified by process
type. For each dataset we indicate the experiment, the final-state channel, the measured
differential distribution(s), the centre-of-mass energy, the integrated luminosity, the number
of data points (after kinematic cuts), and the corresponding publication reference. For the



Process Experiment Final State Observable Vs (TeV) L (fb~1) ndat  Ref.
ATLAS 7 pr spectrum (2) ﬁ 13 36.1 38 [50]
T
. d
LHC W, Z CMS W incl. prod. TZI 13 35.9 36 [51]
LHCb Z incl. forward Jff'z 13 5.1 18 [52]
prod.
ATLAS Z incl. prod. % 8 20.2 7 [42]
1 d
(3) a2 13 36.1 9 [53]
ATLAS all-hadronic ( )d\y ‘ 13 36.1 12 [53]
tt
1
() audns 13 36.1 11 [53)
1 d
(3) a2 13 36.1 9 [54]
(1) JfﬂT 13 36.1 8 [54]
top-pair ATLAS l+jets (%) d(\l; ‘ 13 36.1 [54]
t
1 do
(1) T 13 36.1 7 [54]
(5) o 13 137 15 [55]
1 d
. (%) dp(;T 13 137 16 [55]
CMS CHjets (L) 7% 13 137 10 [55]
o) dlygl
1 d
(1) iyl 13 137 11 [55]
1 d
(2) s S 13 137 35 [55]
ATLAS incl. jet R =0.4 — 13 3.2 177 [56]
LHC jets CMS incl. jets R = Tl 13 36.3 (33.5) 78  [57]
0.4 (0.7)
ATLAS di-jets R = 0.4 e 13 3.2 136 [56]
17
H1 incl.  jet (low wfidsz 0.319 0.29 37 [58]
Q%) ,
H1 incl. jet (high wcgidffw 0.319 0.351 24 [59]
HERA jets Q?) ,
ZEUS incl. jet QdTET 0.300 0.038 30  [60]
ZEUS incl. jet dQ%T“ET 0.319 0.082 30 [61]
H1 disjets (low Q) Tt 0.319 0.29 37 [58]
H1 di-jets (high Q2) m%z’w) 0.319 0.351 24 [59]
ZEUS di-jets dQ;{j{”ET 0.319 0.374 22 [62]

Table 1. The ATLAS, CMS, LHCb, H1, and ZEUS datasets considered in this work, classified by
process type. For each dataset we indicate the experiment, the final-state channel, the measured
differential distribution(s), the centre-of-mass energy /s, the integrated luminosity £, the number of
data points ng,t (after kinematic cuts), and the corresponding publication reference. For the CMS
single-inclusive jet production and for the ATLAS and CMS top-quark pair production datasets, we
list the separate distributions provided by the corresponding analyses.

ATLAS and CMS top-quark pair production and for the CMS single-inclusive jet production

datasets, we list all the separate distributions provided by the corresponding analyses. In

this work, we select a subset of these distributions, which we deem most representative as

explained in section 3.2. In the following, we discuss the main features of these datasets

and describe the associated theoretical calculations.



2.1 Drell-Yan weak boson production at the LHC

Neutral- and charged-current Drell-Yan production is used to probe quark-flavour PDF
separation, through rapidity distributions in the central (ATLAS and CMS) and forward
(LHCD) regions [63, 64], and the gluon PDF, through transverse momentum distributions [65].
In the former case, the leading partonic channel is initiated by quarks and antiquarks; in the
latter case, a non-zero pr distribution arises from the gq(q) partonic initial state followed by
a hard g — ¢q splitting. Here we consider three LHC Run II representative measurements
for each of these categories: one by ATLAS [50], one by CMS [51], and one by LHCb [66].
All these measurements correspond to a centre-of-mass energy of 13 TeV. We also consider
the recent re-analysis of the inclusive Z boson production measurement at a centre-of-mass
energy of 8 TeV by ATLAS extrapolated to the full leptonic phase space [42].

The ATLAS Run IT measurement [50] corresponds to an integrated luminosity of 36.1 fb~1.
It consists of the Z-boson production cross section, reconstructed from the combination of
events resulting from electron and muon decays, differential in the transverse momentum of
the dilepton pair pfi,g. The measurement is performed in a fiducial phase space, defined by
the lepton transverse momentum p% > 27 GeV, the absolute lepton pseudorapidity |n,| < 2.5,
and the dilepton invariant mass 66 < my, < 116 GeV. Cross sections are provided for both
the absolute distribution and the distribution normalised to the fiducial cross section. The
full breakdown of correlated systematic uncertainties is available and taken into account.

The CMS Run II measurement [51] corresponds to an integrated luminosity of 35.9 fb—1.
It consists of the W boson production cross section, reconstructed from the combination
of events resulting from electron and muon decays. This measurement is presented as a
double-differential distribution in the absolute lepton rapidity |n|, with |n| < 2.4, and in
the lepton transverse momentum pET, with 26 < p‘} < 56 GeV. It is available for each W
polarisation state and averaged over polarisations. For each boson, 18 equally large bins
in |n| and a single bin in pZT are provided. The full breakdown of correlated systematic
uncertainties is available and taken into account.

The LHCb Run IT measurement [52] corresponds to an integrated luminosity of 5.1 fb~.
It consists of the Z-boson production cross section, reconstructed only from muon decays,
in the fiducial phase space defined by the muon transverse momentum p4. > 20 GeV, the
dimuon invariant mass 60 < my, < 120 GeV, and the muon rapidity 2.0 < n, < 4.5. The
presented cross section is differential in the rapidity of the Z boson y%. The full breakdown
of correlated systematic uncertainties is available and taken into account.

Finally, we consider the recent ATLAS measurement of Z boson production based on
the 2012 dataset at a centre-of-mass energy of 8 TeV, which corresponds to an integrated
luminosity of 20.2fb~! [42]. The measurement is extrapolated to the full phase space of
the decay electrons and muons in the dilepton rapidity range |y| < 3.6, and covers the Z
pole invariant mass region, 80 < myy <100 GeV. We specifically consider the cross section
differential in |y|. The dependence on the transverse momentum of the dilepton pair is
integrated over. The precision of this measurement, excluding the luminosity uncertainty,
ranges from 0.2%, for |y| < 2.0, to 0.9% at more forward rapidities. This measurement is based
on a re-analysis of events that were previously used in another two measurements [67, 68]
from which double- and triple-differential distributions in the fiducial region for the final-state



leptons were reconstructed. The distributions are differential, respectively, in the invariant
mass my; and absolute rapidity |y| of the dilepton pair, and in myy, |y|, and the cosine of the
Collins-Soper angle, cos8*. The covered invariant mass region extends below, across and
above the Z peak. The double differential measurement was included in the MSHT20 [7] and
NNPDF4.0 [8] PDF fits. For this reason, the new measurement [42] does not fulfil the second
selection criterion established at the beginning of this section. We make an exception for
this measurement because, first, it exhibits a significant PDF dependence, and, second, it
underlies the most precise determination of the strong coupling ever performed at a hadron
collider, in which PDF uncertainties are the leading uncertainties. In section 4.2 we will
discuss the interplay between the original [67, 68] and new [42] measurements.

For all these measurements, theoretical predictions accurate to NNLO QCD are com-
puted in the form of PINEAPPL interpolation grids [69] with NNLOJET [70, 71]. The
computation incorporates in particular the NNLO QCD corrections to the transverse mo-
mentum distributions of the Z boson from refs. [72, 73]. The central renormalisation and
factorisation scales are set to

pr = pg = \/m?, + (p5¥)?, pr = pr = My, (2.1)

respectively for the Z transverse momentum distribution and the gauge boson rapidity
distributions (with My the gauge boson mass, Z or W). In the former case, we also apply
a kinematic cut p%é > 30 GeV to remove the region where resummation corrections, not
accounted for by our fixed-order computation, may be relevant [65, 74]. Electroweak, QED,
and photon-induced corrections, though known, are not considered here.

2.2 Top quark pair production at the LHC

Top-quark pair production at the LHC, which is initiated by gluon-gluon scattering, primarily
probes the gluon PDF at large z [37, 75-81]. In addition to their PDF sensitivity, top-
quark pair cross sections also constrain the top-quark mass m; and the strong coupling
as(mz) [82, 83]. Here we consider the ATLAS measurement reconstructed from the all-
hadronic [53] and lepton+jets [54] final states, and the CMS measurement reconstructed
from the lepton+jets final state [55]. We consider only parton-level measurements presented
in terms of the kinematic variables of the final-state top quarks. The reason being that
theoretical computations accurate to NNLO QCD for particle-level measurements [84] are
not available in a numerical format suitable for this analysis. All these measurements were
taken during the LHC Run II, at a centre-of-mass energy of 13 TeV.

The ATLAS measurements correspond to an integrated luminosity of 36 fb~!. Cross
sections are provided, absolute and normalised to the total cross section, as single- and double-
differential distributions in various kinematic variables. For the sake of this work, we consider
a subset of them, either the normalised or the absolute differential distributions. The choice
depends on the stability of the experimental covariance matrix, as we will explain in section 3.2.
For the all-hadronic measurement, we choose the single-differential absolute (normalised)
distributions in the invariant mass (absolute rapidity) of the top-quark pair, m.; (y,), and
the double-differential absolute distribution in these two variables. For the lepton-+jets
measurement, we choose the single-differential normalised distributions in the invariant mass



of the top quark pair, m,;, in the transverse momentum of the top quark, pf., in the absolute
rapidity of the top-quark pair, y,7, and in the absolute rapidity of the top-quark, y;.

The CMS measurement corresponds to an integrated luminosity of 137 fb~!, that is, all
the events recorded during the LHC Run II. Absolute and normalised cross sections are
provided as single- and double-differential distributions in various kinematic variables. We
select a subset of them, specifically the single-differential normalised distributions in m,, |y
, |yt], and pk., and the double-differential normalised distribution in (g, [y]).

Theoretical predictions accurate to NNLO QCD are computed using MATRIX [85],
which has been interfaced to PINEAPPL [69]. The central factorisation and renormalisation

pr = pr = Hr/2 = \Jm? + (0)* /2, (2.2)

where m; and p} are the mass and the transverse momentum of the top quark. This choice
follows the recommendation of [86]. A value of mfde = 172.5 GeV has been used for the
top-quark pole mass, consistently with the latest PDG average [87]. These computations have
been benchmarked, when possible, against FASTNLO tables [88] generated with the code
presented in [89]. Electroweak, QED, and photon-induced cross sections are not included.

scales are set to

2.3 Jet production at the LHC

Collider jet production at the LHC is a traditional probe of the gluon PDF in the large-z
region [90-93], though it provides also information on the large-z quark PDFs. Here we
consider the ATLAS measurement of single-inclusive jet and di-jet production [56], and the
CMS measurement of single-inclusive jet production [57]. Both of them were taken during
the LHC Run II, at a centre-of-mass energy of 13 TeV.

The ATLAS measurements correspond to an integrated luminosity of 3.2fb~!. Whereas
this amounts to only a small fraction of the events recorded during Run II, no other unfolded
measurements of single-inclusive jet or di-jet production based on a larger sample have
been presented by ATLAS to date. The single-inclusive jet measurement is presented as a
set of double differential cross sections in the jet transverse momentum pp, with 100 GeV
< pr < 3.5TeV, and the jet absolute rapidity |y|, with |y| < 3.0. The di-jet measurement
is presented as a set of double differential cross sections in the di-jet invariant mass m;,
with 300 GeV < mj; < 9TeV, and the half absolute rapidity separation between the two
leading jets, |y*|, with |y*| < 3.0. Single-inclusive jets and di-jets are reconstructed by means
of the anti-kp clustering algorithm [94] for a jet radius of R = 0.4. The full breakdown of
correlated systematic uncertainties is available, separately for the single-inclusive jet and
di-jet measurements, and taken into account.

The CMS measurement corresponds to an integrated luminosity of 36.3 (33.5) fb~! and a
jet radius of R = 0.4 (R = 0.7). We consider the measurement with R = 0.4. Cross sections
are double differential in the jet transverse momentum pr, with 97 < pr < 3.1TeV, and
in the jet absolute rapidity |y|, with |y| < 2.0. The experimental covariance matrix of the
measurement is provided and taken into account.

For all the aforementioned measurements, theoretical predictions, accurate to NNLO
QCD in the leading color approximation, were computed with the NNLOJET code [95]. The



central factorisation and renormalisation scales where chosen as

pE = [iR = DT, pE = iR = Mjj (2.3)

respectively for single-inclusive jets and di-jets. These predictions were released [96] as
interpolation grids in the APPLFAST format through the PLOUGHSHARE website [97]. For
the sake of this work, these grids have been converted to the PINEAPPL format [69]. We do
not account for NLO electroweak corrections or photon-initiated contributions, neither for
single-inclusive jets nor for di-jets. Monte Carlo uncertainties due to the generation of a finite
number of events are generally smaller than MHO and o« uncertainties, and are thus ignored.

2.4 Jet production at HERA

Jet production in DIS can probe the gluon PDF at large « as well. This process was measured
at HERA by the H1 and ZEUS experiments and demonstrated to constrain the gluon PDF and
the strong coupling [98—100] in comparison to fits based on inclusive DIS measurements only.
Here we consider four H1 measurements [58, 59, 101] and three ZEUS measurements [60-62]
for single-inclusive jet and di-jet cross sections, as indicated in table 1.

The H1 measurements correspond to the HERA-II data-taking period with a centre-
of-mass energy of 319 GeV. Two pairs of single-inclusive jet and di-jet measurements are
available, which focus on different regions of the exchanged boson virtuality Q?: a low-Q?
pair, 5.5 < Q% < 80GeV?, and a high-Q? pair, 150 < Q? < 15000 GeV?2. The integrated
luminosity is, respectively, 290 pb~! and 351 pb~!. On top of the virtuality Q?, cross
sections are differential in the jet transverse momentum pp or the di-jet average momentum
(pr), respectively for the single-inclusive jet and the di-jet measurements. Massless jets
are identified using the kr algorithm with the R parameter set to R = 1. Experimental
correlations are available for all measurements, including for points in different single-inclusive
jet and di-jet bins at different Q2.

The ZEUS measurements correspond to the HERA-I data-taking period, with a centre-
of-mass energy of 300 GeV and an integrated luminosity of 38 pb~!, and to the HERA-II
data-taking period, with a centre-of-mass energy of 319 GeV and an integrated luminosity
of 82 pb~! and 374 pb~!. Cross sections are presented as differential distributions in the
vector boson virtuality Q?, with @? > 125GeV?, and the jet transverse energy Er or the
di-jet average transverse energy (Er), respectively for the single-inclusive jet and the di-jet
measurements. Experimental correlations are available across bins within the same set,
but not across bins in different datasets. Unlike inclusive DIS structure functions [102], no
combination between the H1 and ZEUS results exists to date. A final ZEUS measurement
of single-inclusive jet production cross has been published recently [98], however we do not
consider it because NNLO QCD corrections to matrix elements are not readily available in
a format suitable for fast convolution with PDFs.

Theoretical predictions accurate to NNLO QCD were computed with the NNLOJET
code [103, 104] in the zero-mass variable-flavour-number scheme. The central factorisation
and renormalisation scales are

p=pr=pr=Q>+(pr)?,  pw=pr=pr=Q>+ (pr)*, (2.4)



respectively for single-inclusive jets and di-jets. Data points for which p < 10 GeV were
excluded to ensure that the scale is larger than the b-quark mass. This is necessary because
jets are built from massless partons. As in the case of LHC jets, theoretical predictions
were released as interpolation grids through the PLOUGHSHARE website [97]. We convert
these grids to the PINEAPPL format [69].

3 Methodological framework

In this section, we describe how we quantitatively assess the agreement between the measure-
ments presented in section 2 and the corresponding theoretical predictions for different PDF
sets. We first define the figure of merit that we use, and specifically explain how we take into
account experimental and theoretical uncertainties in it. We then discuss how this figure of
merit may become misleading if the experimental covariance matrix is ill-conditioned, and
illustrate how we identify and handle such cases. We finally review the PDF sets that we
consider as input for the computation of the theoretical predictions.

3.1 Figure of merit

We quantify the agreement between experimental data and theoretical predictions by com-
puting the (reduced) x? for each dataset

1 Ndat -
= Ndat i;'::l (Ti(O) B Dl) (COV 1>z’j (TJ'(O) o Dj) ) (3.1)

where ng,¢ is the number of data points in the considered dataset, {D;} are the central values
of the experimental data, {Ti(o)} are the corresponding theoretical predictions, and cov;;
is the covariance matrix. Theoretical predictions are evaluated, for both Monte Carlo and
Hessian PDF sets, as the prediction obtained with the central PDF f 0, Ti(o) =Ti(f (O)).
Note that the x? in eq. (3.1) is normalised to the number of data points. Therefore, in case of
perfect agreement between data and theory, one expects 2 ~ 1, with statistical fluctuations
of the order of the standard deviation of the y? distribution, Oy = V2/Ngat.

To evaluate eq. (3.1), one needs to compute the covariance matrix cov;;. In addition
to experimental uncertainties, one should consider all the relevant sources of theoretical
uncertainties, in particular, those associated to missing higher orders (MHO), to PDFs,
and to the value of the strong coupling as(myz). Assuming that all of these theoretical
uncertainties follow a Gaussian distribution and that they are mutually independent, they
can be incorporated in the covariance matrix following the formalism developed in [105, 106].
Specifically, in this formalism the covariance matrix in eq. (3.1) reads as

COVij = (COVeXp)ij + (COVth)ij ) (3.2)

where the theory covariance matrix is in turn the sum of a MHO, PDF, and a, contributions
(covin);; = (COVinho);; + (COVpdf)ij + (coVas);; - (3.3)

The experimental covariance matrix is sometimes provided together with the experimental
measurements, otherwise, in most cases, we reconstruct it from knowledge of experimental



uncertainties as

Ncorr

(COVeXp)i]’ _ 5ij0_1(uncorr uncorr + Z (corr) (corr). (34>

(uncorr) .

(corr) .
Here o,

is the sum in quadrature of all the uncorrelated uncertainties, and o, e I8 the
set of neorr correlated uncertainties. These could be additive or multiplicative, however this
distinction is not relevant here, given that eq. (3.1) is only used to quantify the agreement
between data and theory. In a fit of PDFs, this distinction is instead relevant because
multiplicative uncertainties may bias the determination of the PDF central value and variance.
Therefore they would require a specific treatment, by re-defining either the experimental
covariance matrix with the ¢o prescription [107] or the figure of merit with additional nuisance
parameters [108]. Note that whenever we reconstruct the experimental covariance matrix
using eq. (3.4), we implicitly assume that correlated uncertainties are 100% correlated, given
that no specific correlation model is provided for the considered datasets, see section 2.
Decorrelation remains however possible, using the procedure summarised in section 3.2, and
we will actually make use of it, as discussed further below.

The contribution to the covariance matrix due to MHO is evaluated following [105,
106]. Specifically, MHO are estimated as the difference between theoretical predictions
computed with fixed and varied renormalisation and factorisation scales, pugr and pp. Several
prescriptions defining scale variations are possible. As is common practice in LHC analyses,
we adopt the 7—p0int variation prescription, which gives the MHO covariance matrix

(cOVmno);; {A+0A+O +ATOATOH ATTAYT + ADTAYT L ATTATT L ATTATT (
where, for each data point 4, j, the shifts are defined as

A; (kr,kr) =T; (/m = HRMg)aﬂF = KRMEQ)) - T; (ug),ug)) , (3.6)
0) (0

with (,u R Mp ) the central renormalisation and factorisation scales and

AfP=0i(2,1), AT =A(1/2,1), AT =A(1,1/2),

A=A (1,1/2), AFT=00(2,2), AT =A:(1/2,1/2) . (3.7)

The shifts in the NNLO theory predictions associated to the scale variations, eq. (3.6), are
directly evaluated from the PINEAPPL grids [69]. In general, the 7-point MHO theory
covariance matrix defined by eq. (3.5) differs from the envelope prescription to estimate
MHO uncertainties frequently used in LHC studies.

The contribution to the covariance matrix due to PDF uncertainties is determined, for
each of the PDF sets considered (see section 3.3), using the definition of covariance between
the random variables T; and T;

(covpar),; = E[(Ti — E[Ti])(T; — E[T3))] , (3-8)

where E[X] denotes the expectation value of the random variable X. For Hessian PDF
sets, eq. (3.8) reads

Neig

COVpdf Z (T ) (T(k) Tj(o)) , (3.9)
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where Tz-(k) =T f(k)) is the theoretical prediction computed with the PDF associated to
the k-th eigenvalue ), and Ti(o) =Ti(f (0)) is the theoretical prediction computed with the
central PDF f(©). We use the symmetric definition of Hessian PDF uncertainties, since we
assume that PDF uncertainties are Gaussian. In case of asymmetric Hessian PDF sets, we
replace the difference between Tl(lj) and Tl((j)) in eq. (3.9) with the difference between predictions
obtained with positive and negative eigenvectors. For Monte Carlo PDF sets, eq. (3.8) reads

1 %
(COVPdf)ij = Nrep Z (,I’Z(k) - <E>rep) (T](k) - <,'Tj>rep) ’ (310)
TP =1

where Ti(k) =Ti(f (k)) is the theoretical prediction computed with the PDF associated to the
k-th replica f*) and (T}) 1 ZZ:'{ Tk

rep = Nrep i
The contribution to the covariance matrix due to the uncertainty of the value of ag(myz)
is determined as follows. We take as(mz) = 0.118 4+ 0.001 for all PDF sets considered,

consistently with the latest PDG average [87], and we construct

1
(covas)y = 5 { A L ALo, + Al AL} (3.11)

2 1,0s — ],0s

) is the average over replicas.

where, for each data point i, j,

A7 =Ti(os = 0.118) — Tj(as = 0.117) .

1,0

(3.12)

The value of a; in the theory predictions is varied consistently both in the matrix element
and in the PDFs, a fact that is streamlined thanks to the usage of PINEAPPL grids. The
combination of eq. (3.11) with eq. (3.9) (for a Hessian set) or eq. (3.10) (for a Monte Carlo
set) reproduces the prescription of [26], according to which PDF and «y uncertainties are
added in quadrature.

In section 4 we will quantify the agreement between experimental data and theory
predictions, obtained with different PDF sets, in terms of the figure of merit given in eq. (3.1).
When accounting for all sources of experimental and theoretical uncertainties, we have

1 Ndat B
ngp +th = — i]zzjl (Ti(o) — Di) ((covexp 4 COVipho + COVpdr + COVag) l)ij (Tj(o) — Dj> ,

(3.13)
with the individual contributions to the covariance matrix combined in quadrature. In
order to understand the impact of the various sources of uncertainties entering eq. (3.13),
we will also present results for variants of this figure of merit restricted to a subset of the
uncertainties, in particular

op = n;t n]zd::l (7 - D)) ((covexp)*)ij (1, - D)), (3.14)

which contains only the experimental uncertainties, and

1 Ndat B
ngp—‘rmho = - 'Zl (Tz‘(O) — DZ-> ((covexp + COVino) 1)” (Tj(o) _ Dj) , (3.15)
1,]=
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defined without the contribution of the PDF and «ay uncertainties. In all cases, the figures
of merit are presented normalised to the number of data points of each dataset considered.
We emphasise that, when evaluating eq. (3.13), PDFs enter in two different places: through
the theory predictions T; and through the PDF contribution to the total covariance matrix
in eq. (3.3).

To further assess the significance of ngp 4t €4 (3.13), as a measure of the agreement
between experimental data and theoretical predictions, we will make use of two additional
estimators in section 4. The first estimator is the relative change in the total x? due to
the change of input PDF set for a given dataset

20) /.2
N Xexp+th Xexp+th pdfs

A2 —
* <ngp+th>pdfs

where the index ¢ runs over the nyqs input PDF sets considered in the analysis (see section 3.3),

; (3.16)

and the average over PDF sets is evaluated as

1 Npdfs

2 _ 2(4)
<Xexp+th> pdfs  pass ; Xexp-+th - (3.17)

By construction, ; Ax2() = (. This estimator gauges the relative change in the value of the
x? for a given PDF set with respect to the average evaluated over all PDF sets considered. It
therefore allows one to disentangle PDF-related effects in the x? from other effects.

The second estimator quantifies the difference of the y?, computed with a given PDF,
with respect to the x? averaged over all PDF sets in terms of the number of standard
deviations of the y? distribution

26 /.2
N Xeprrth Xexp—l—th pdfs

7 V 2/ Ndata

This estimator allows one to compare the y? variation due to the choice of PDF to the

(3.18)

expected statistical fluctuations of the x2, and therefore check if this is significant or not.
Note indeed that several of the datasets considered contain a relatively small number of data
points, so that a large relative change of the x? in eq. (3.16) may be simply explained by
large fluctuations due to the small data sample.

3.2 Stability of the experimental covariance matrix

The interpretation of the agreement of theoretical predictions with experimental data, as
quantified by the value of the 2, requires some care. As discussed in ref. [109], an inaccurate
determination of experimental uncertainty correlations, in otherwise very precise data, may
result in an ill-conditioned experimental covariance matrix, which leads in turn to anomalously
large values of the x2.

A metric to measure the conditioning of an experimental covariance matrix was introduced
in ref. [109], see, in particular, eq. (26). This was defined as the inverse of the smallest singular
value of the experimental correlation matrix, and called condition number Z. The value
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(v/2Z)~! was then demonstrated to be related to the amount by which experimental correla-
tions need to be determined to ensure that the y? remains stable, namely that it does not vary
by more than one standard deviation, 0,2 = V2/ngas- A large value of Z indicates a dataset
for which small variations of the correlation model can potentially lead to large x? variations
for unchanged data and theory and vice-versa. In ref. [109] a reasonable threshold was defined
to be Z = 4. This value corresponds to assuming that correlations on uncertainties of the order
of a few percent, such as those that affect the LHC measurements considered in this work, be
estimated with an absolute uncertainty of less than 0.18. This means that if the correlation
between two bins is estimated to be 1.00, while its real value is 0.82, one can expect that the y?
deviates from one by more than 1o even if experimental data and theoretical predictions are
perfectly consistent. Note that the smaller the uncertainty, the higher the required precision
with which correlations need be known to be within a 1o variation of the x2. As explicitly
shown in ref. [109] as part of a toy model (see in particular eq. (29) and figure 3), for a 1%
(2.5%) uncertainty, correlations ought to be known with a precision of 2% (12%). The choice
Z =4 (the same for all experiments) should therefore be seen as a practical diagnostic choice.

In some cases, a large value of Z may not imply a pathological behaviour of the experi-
mental data. A typical case is the one in which the luminosity uncertainty, which by definition
is 100% correlated across all bins of a given dataset, is the largest of all uncertainties. In
this case, we expect the condition number Z to be large. The same would happen with
any experimental uncertainty that is fully correlated across bins for specific experimental
reasons. In these cases, we should compute Z upon excluding these uncertainties from the
reconstruction of the experimental covariance matrix. For the sake of this work, we single
out only the luminosity uncertainty as 100% correlated, given that we do not have complete
knowledge of which other uncertainties are also undoubtedly 100% correlated. We then
split the experimental covariance matrix into two components, one that contains only the
luminosity uncertainty, and one that contains all of the other uncertainties. We compute Z,
which we call Z,, for the latter covariance matrix and regularise it, if necessary; we then
compute the x? using the sum of the original luminosity covariance matrix and the regularised
covariance matrix. Clearly, this procedure might decorrelate systematic uncertainties that
owe to be 100% correlated, or decorrelate too much some other systematic uncertainties.
Nevertheless, we consider that the procedure remains a useful diagnosis tool when information
on specific decorrelation models, provided under the experimental guidance, are not available.
In this respect, we shall also note that here our aim is not to characterise a dataset for
inclusion (or not) in a PDF determination, but rather to comparatively assess the ability of
various PDF sets to describe the data. We consider that the application of our regularisation
procedure does not alter our judgement on such an ability (see appendix A).

An alternative estimator to assess the conditioning of the experimental correlation matrix,
sometimes used in experimental analyses, is ),, defined as the ratio of the smallest to the
largest eigenvalues of the experimental correlation matrix. A small value of ), indicates
a large spread of eigenvalues, with the directions associated to the smallest ones almost
degenerate. These degeneracies are those that lead to a ill-conditioned matrix.

In table 2 we display, for each dataset listed in table 1 and separately for each observable,
the number of data points, n4at, and the condition numbers \,, Z, and Z;. For normalised
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distributions Z = Z, by construction. For datasets which do not provide the breakdown
of systematic uncertainties but instead only the overall covariance matrix, Z, is computed
by subtracting from this covariance matrix a covariance matrix constructed only from the
100%-correlated luminosity uncertainty. In the case of the CMS top-quark pair distribution,
this procedure is however not applied, given that the measurement is the combination of
events recorded with different luminosities. We therefore leave the corresponding entry blank
in table 2. Whenever a dataset is presented in different variants, for example as absolute or
normalised distributions or for two different values of the jet radius R, we indicate with a (*)
the one used in section 4. We select the distributions that feature the lowest value of Z.

The values of the condition numbers A, and Z reported in table 2 consistently indicate
that the experimental correlation and covariance matrices are ill-conditioned for a subset
of the analyzed datasets, according to the criterion of refs. [8, 109] (Z > 4). For some of
them, such as the ATLAS doZ /d|y,;| measurement at 8 TeV, and to a lesser extent for LHCb
do?/ dy,z, this high Z value is explained by the dominance of the luminosity uncertainty: in
these cases, Z, is indeed significantly smaller than Z. For all the other datasets, Z ~ Z .
Relatively high values of Z are found for the ATLAS and CMS single-inclusive jet and di-jet
datasets, a fact that was already observed in the case of the corresponding measurements at
8 TeV, for which various decorrelation models have been proposed and tested [10, 91, 109—
111]. We finally observe that the value of Z can fluctuate by a large amount across different
differential measurements in the same dataset. For instance, the 13 TeV ATLAS ¢t hadronic
dataset provides single-differential distributions in m,; and in |y,;|, associated to values of
Z respectively of 64.5 and 1.77.

The x? of the datasets listed in table 2 will therefore need to be interpreted with care, in
particular taking into account the possibility that it be spuriously high due to a misestimate
of experimental correlations. To avoid this issue, in section 4 we will compute the y? upon
regularisation of the experimental covariance matrix, for all the datasets with Z, > 4. We
use the procedure laid out in ref. [109]. This procedure consists in clipping the singular values
of the correlation matrix to a constant, whenever these are smaller than that, while leaving
the rest of the singular vectors unchanged. This way, directions that do not contribute to
instability are not affected and the alteration to the original matrix is minimal. The clipping
constant is chosen to be 6~! = Z, where the value of Z = 4 was determined empirically in
ref. [109]. The values of the y? computed with the unregularised experimental covariance
matrix are collected in appendix A.

3.3 PDF sets

The computation of the theoretical predictions that enter the x? require a choice of PDFs
as input. In this work, we consider the following PDF sets: ABMP16 [5], CT18, CT18A,
and CT18Z [6], MSHT20 [7], NNPDF3.1 [112], NNPDF4.0 [8], PDF4LHC15 [19], and
PDF4LHC21 [26]. These PDF sets are the most widely used by LHC experimental collabora-
tions in their analyses. The main features of each of them are summarised as follows.

ABMP16 [5]. This PDF determination is based on DIS, Drell-Yan, single top and top-quark
pair production measurements. The underlying theory calculations are based on a
Fixed Flavour Number (FFN) scheme, with ny = 3,4,5. The strong coupling constant
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Process Ndat Ap Z Zr

ATLAS 13TeV Z 1/odo/dp4t 38 1.9x10-' 1.10 1.10
CMS 13TeV W do/d|n| 18 83x107% 251 19.0
CMS 13TeV W~ do/d|n| 18 89x107° 26.0 180
LHCb 13 TeV Z do/dy? 17 19x1073 592 2.09
ATLAS 8 TeV Z do/d|y| 7 32x107% 216 2.10
ATLAS 13 TeV ¢t all hadr. do/dm,; (*) 9 24x1073% 727 724
ATLAS 13 TeV tf all hadr. 1/0 do/dm,; 9 39x1075 647 64.7
ATLAS 13 TeV tt all hadr. do/d|y,;] 12 33x1073 527 5.25
ATLAS 13 TeV tt all hadr. 1/0 do/d|y,;| (*) 12 89x10°2 177 1.77
ATLAS 13 TeV tf all hadr. d20/dm,; dly.z| (*) 11 44x1073 483 481
ATLAS 13 TeV tf all hadr. 1/0 d?c/dm,; d|y,z] 11 94x107% 521 521
ATLAS tt £+ j do/dm; 9 52x107% 162 159
ATLAS 13TeV tt £+ j 1/o do/dm (*) 9 30x1073 762 7.62
ATLAS 13TeV tt £+ j do/dpl. 8 58x107% 16.8 16.6
ATLAS 13TeV tt £+ j 1/o do/dp}. (*) 8 25x1073 846 8.46
ATLAS 13 TeV tt £+ j do/d|y| 5 15x1073 11.7 115
ATLAS 13TeV tt £+ 5 1/o do/d|y:| (*) 5 96x1072 206 2.06
ATLAS 13 TeV tt £ + j do/d|y,;| 7 62x107* 157 154
ATLAS 13TeV tt £+ j 1/o do/d|y;| (¥) 7 78x1072 226 226
CMS 13TeV tt £+ j do/dm; 15 11x10"2 390 —
CMS 13TeV tt £+ j 1/o do/dm; (*) 15 3.0x1072 351 3.1
CMS 13 TeV tt £+ j do/dpt, 16 7.5x107% 4.04 —
CMS 13TeV tt £+ j 1/o do/dph. (¥) 16 1.3x107Y 1.78 1.78
CMS tt £+ 7 do/d|y| 11 33x1073% 575 —
CMS 13TeV tt £+ j 1/o do/d|y:| (*) 11 27x107' 136 1.36
CMS 13TeV tt £+ j do/d|y,z] 10 12x1073 968 —
CMS 13TeV tt £+ j 1/o do/d|y,z| (*) 10 1.9x10°' 153 1.53
CMS 13TeV tt £+ j d?c/dm.; d|yz 35 81x107° 224 —
CMS 13TeV tt £+ jj 1/o d?c/dm,; dlyz| (*) 35 1.8x107% 172 172
ATLAS 13 TeV single-inclusive jets d?c/dprd|y| 177 2.6x1075 169 16.2
CMS 13 TeV single-inclusive jets (R = 0.4) d?o/dprd|y| (*) 78 1.1x10~% 133 13.1
CMS 13 TeV single-inclusive jets (R = 0.7) d?c/dprd|y| 78 9.0x1075 14.8 145
ATLAS 13 TeV di-jets d?c/dm,;d|y*| 136 3.8x107° 16.8 15.6
H1 single-inclusive-jets (low Q?) d%¢/dQ*dpr 48 7.6x107% 6.00 5.91
H1 single-inclusive-jets (high Q?) d%¢/dQ*dpr 24 7.0x107% 146 1.19
ZEUS single-inclusive jets (low luminosity) d?c/dQ?dEr 30 5.0x10"2 1.87 1.82
ZEUS single-inclusive jets (high luminosity) d2o/dQ?dEr 30 1.9x1072 256 243
H1 di-jets (low Q?) d?0/dQ%*d{pr) 48 9.0x1072 7.67 7.42
H1 di-jets (high Q?) d%¢/dQ? d{pr) 24 1.0x107! 1.60 145
ZEUS di-jets d?0/dQ?d(ET) 22 1.5x1072 283 272

Table 2. The number of data points, ngat, the condition numbers A,, Z, and Z. for all datasets
considered, see the text for their definition. When the Z, estimator cannot be unambiguously
computed (as explained in the text) the corresponding entry is left blank. Whenever different variants
or distributions exist for a dataset, we indicate with a (*) the one used in section 4.
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is determined alongside the PDFs yielding a,(myz) = 0.1147 £ 0.0008 with ny = 5,
though a variant with a fixed value as(myz) = 0.118 is also provided. The PDFs are
parametrised at the input scale Qg = 1 GeV with a fixed functional form. The charm
PDF is assumed to be purely perturbative, therefore it is generated by partonic DGLAP
evolution above the charm quark mass, whose value is a parameter of the fit. Hessian
symmetric PDF uncertainties are determined from variations Ay? = 1.

CT18 [6]. The CT18 family of PDF determinations is based on DIS, Drell-Yan, single-
inclusive jet, and top-quark pair production measurements. The underlying theory
calculations are based on a General Mass Variable Flavour Number (GM-VFN) scheme,
specifically ACOT-y [113-116], and use a fixed value of the strong coupling as input.
Parton distributions are parametrised at the input scale Q9 = 1.3 GeV, equal to the

charm pole mass mp°®

, in terms of Bernstein polynomials, the charm PDF is purely
perturbative, and Hessian symmetric PDF uncertainties are determined by means of a
dynamical tolerance factor Ax? > 1. The ATLAS 7TeV W/Z data [117] is not included
in the default CT18 PDF set. Alternate sets are determined including this dataset
(CT18A), a new scale choice for low-z DIS data (CT18X), or all of the above with a

slightly higher value of the charm mass (CT18Z).

MSHT20 [7]. This PDF determination is based on DIS, Drell-Yan, Drell-Yan with jet,
single-inclusive jet, and top-quark pair production measurements. The fit is based on
the Thorne-Roberts variant of the GM-VFEN scheme [118], and uses a fixed value of
the strong coupling as input. Parton distributions are parametrised at the input scale
Qo = 1GeV in terms of Chebyschev polynomials, the charm PDF is purely perturbative
(with charm pole mass m{;"’le = 1.4 GeV), and Hessian symmetric uncertainties are
determined by means of a dynamical tolerance factor Ay? > 1.

NNPDF3.1 [28]. This PDF determination is based on DIS, Drell-Yan, Drell-Yan with jet,
single-inclusive jet, and top-quark pair production measurements. The fit is based on the
FONLL GM-VFEN scheme [119] and uses a fixed value of the strong coupling constant
as input. Parton distributions are parametrised at the initial scale @y = 1.65 GeV in
terms of deep neural networks, optimised by means of a genetic algorithm. The charm
PDF is fitted on the same footing as lighter quark flavours (with a charm pole mass
mp°® = 1.51 GeV). PDF uncertainties are determined from a Monte Carlo sampling of
experimental uncertainties.

NNPDF4.0 [8]. This PDF determination is based on DIS, Drell-Yan, Drell-Yan with jet,
single-inclusive jet and di-jet, single top and top-quark pair, and prompt photon produc-
tion measurements. The fit is based on the same treatment of quark masses, running
coupling, charm quark PDF, and uncertainty representation as NNPDF3.1. In com-
parison to NNPDF3.1, NNPDF4.0 is however characterised by several methodological
differences: newer theoretical constraints, in particular on PDF positivity and integrabil-
ity, are implemented; PDFs are parametrised with a single neural network, optimised by
means of gradient descent; hyperparameters, such as those that define the architecture
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of the neural network, are determined by means of an automated scan of the space of
models that selects the optimal one [8, 120]; and the methodology is closure tested [121].

PDF4LHC15 [19]. This PDF set is the Monte Carlo combination of the CT14 [122],
MMHT2014 [123], and NNPDF3.0 [124] PDF sets. The combination is performed by
first converting the CT14 and MMHT2014 Hessian PDF sets into Monte Carlo PDF
sets by means of the algorithm developed in [20, 21]. For each of the three PDF sets 300
Monte Carlo replicas are generated, that are subsequently collated in a single set. The
number of replicas is finally reduced by means of the compression algorithm developed
in [25] or converted to a single Hessian set by means of the algorithm developed in [23].

PDF4LHC21 [26]. This PDF set is the Monte Carlo combination of the CT18’, MSHT20,
and NNPDF3.1' PDF sets. The CT18 and NNPDF3.1" PDF sets are variants of the
CT18 and NNPDF3.1 PDF sets: both of these differ from the corresponding baseline
sets for the values of the charm and bottom quark pole masses, which are set to
values common to those used in MSHT20, mP°'® = 1.4 GeV and m>®® = 4.75 GeV. The
NNPDF3.1" PDF set differs from NNPDF3.1 for a number of additional variations in
the input dataset and in the details of the theoretical computations, see section 2.3
in [26]. The combination is carried out as in PDFALHC15.

In all cases, we use PDF sets accurate to NNLO with a common, fixed value of as(my) =
0.118. Note that NNLO corrections to hadronic processes were included in all of the
aforementioned PDF sets by means of K-factors, whereas here we make predictions by
means of exact NNLO computations. This fact is however immaterial, given the very weak
dependence of K-factors on PDFs [125]. In the case of ABMP16, we use the set with
ny = 5 active flavours. For ABMP16, CT18, and MSHT20, we consider Hessian sets; for
NNPDF3.1, NNPDF4.0, PDF4LHC15, and PDF4LHC21, we consider Monte Carlo sets
composed of 100 replicas. In figure 1 we compare the partonic luminosities, defined by eqs. (1-
4) of [126], obtained with the ABMP16, CT18, MSHT20, NNPDF4.0, and PDF4LHC21
PDF sets. Results are displayed as a function of the invariant mass of the final state mx
at a centre-of-mass energy /s = 13 TeV and are normalised to PDF4ALHC21. Comparison
using other PDF sets can be seen in [3].

We do not consider PDF sets including QED corrections [127-129], aN3LO QCD correc-
tions [43, 130] or MHOU [106], the reason being that these are not commonly used in LHC
experimental analyses. This said, the computation of the x? does not change if one uses any
of these PDF sets. We will study the phenomenological implications of QED, aN3LO, and of
MHOU corrections to the PDFs in the appraisal of LHC data in future work. An exception is
represented by the high-precision ATLAS 8 TeV inclusive dilepton rapidity measurement [42],
for which predictions based on the NNPDF4.0 QED [129], MHOU [106], and aN3LO [130]
PDF sets will be considered in section 4.2.

4 Data-theory comparison appraisal

In this section, we quantify the agreement between the experimental data and the corre-
sponding theoretical predictions presented in section 2 according to the estimators and upon
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Figure 1. The quark-quark (top left), quark-antiquark (top right), gluon-quark (bottom left), and
gluon-gluon (bottom right) partonic luminosities, eqs. (1-4) of [126], as a function of the invariant
mass of the final state my at a centre-of-mass energy /s = 13 TeV obtained with the ABMP16, CT18,
MSHT20, NNPDF4.0, and PDF4ALHC21 PDF sets. Results are normalised to PDFALHC21.

variations of the input PDF sets discussed in section 3. We examine datasets for each process
in turn. For each of these, we provide three complementary ways of visualizing the data-theory
agreement: a table with the values of ngp +th, and ngp, egs. (3.13) and (3.14), evaluated
with all the PDF sets summarised in section 3.3;' a set of histograms in which the total
ngp—f—th? eq. (3.13), is split into the components ngp-i—mho? eq. (3.15), and ngp—f—th’ eq. (3.14),
albeit only for CT18, MSHT20, NNPDF4.0, and PDF4LHC21; and a set of data-theory
comparison plots, only for NNPDF4.0 and PDF4LHC21, in which the PDF+a; and MHO
uncertainties are displayed separately for selected data points. For all measurements with
Zr > 4 (see table 2), the experimental covariance matrix is regularised as explained in
section 3.2. We finally provide a collective visualisation of the Ax2(®) and An((f ) estimators,
egs. (3.17) and (3.18), for the CT18, MSHT20, NNPDF4.0, and PDFALHC21 PDF sets. The
values of ngp 4n Obtained without regularisation of the experimental covariance matrix are
given, for the subset of measurements with Z, > 4, in appendix A. Additional histogram

1For ease of reference, in this table we also provide the number of data points ngat and the standard
deviation of the x? per point distribution y/2/Ndas.
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Dataset Ndat v/ 2/Ndat < o @) @) = Z Z A fa}
ATLAS 13Tev 2 L 4o a9 0.3 ngm_th 0.36 0.31 042 0.59 040 039 050 0.31 0.38
T 2l .
T ngp 0.80 1.18 2.38 491 1.58 1.20 2.20 0.83 1.64
2
. Xippen 131 120 111 1.06 126 085 096 1.15 0.98
CMS 13TeV W d"lm 18 0.33 )
Xexp 1.41 1.67 1.30 1.31 1.37 097 1.12 1.38 1.27
o ngth 1.56 1.15 1.11 1.10 1.43 1.12 1.60 1.14 1.20
OMS 13TeV W™ & 18 0.33 )
Xexp 1.60 1.89 1.43 1.38 1.57 164 195 154 1.54
2
Xox 2.14 219 226 2.08 228 221 226 215 2.07
LHCb 13 TeV Z d‘% 18 0.33 e ;Hh
Xexp 228 3.09 291 262 266 270 248 3.06 2.67

Table 3. The values of X2y, €d. (3.13), and of x2,,, eq. (3.14), for the ATLAS, CMS, and LHCb
Drell-Yan gauge boson production measurements at the LHC 13 TeV of table 1, computed with each
of the PDF sets summarised in section 3.3. The experimental covariance matrix of the CMS dataset
is regularised as explained in section 3.2. The unregularised values of ngp are collected in table 9 of

appendix A.

and data-theory comparison plots, for the subset of measurements not highlighted in this

section, are given in appendix B.

4.1 Drell-Yan weak boson production measurements at 13 TeV

We start by considering the three LHC Drell-Yan weak boson production measurements
at a centre-of-mass energy of 13 TeV outlined in section 2. The values of ngp and ngp L ths
computed with each of the PDF sets summarised in section 3.3, are reported in table 3.
The experimental covariance matrix of the CMS dataset is regularised as explained in
section 3.2, see appendix A for the unregularised values of ngp 4n- The breakdown of ngp tth
into ngp 4 mho and ngp is displayed in figure 2. The data-theory comparison is displayed in
figure 3. Each plot consists of three panels: the upper one displays the measured and predicted
cross sections, with experimental and total (MHO and PDF+ay) theoretical uncertainties;
the middle one displays the same cross sections normalised to the experimental central value;
the lower one displays the relative PDF+q, and MHO uncertainties separately. Experimental
error bars correspond to the total uncorrelated uncertainty. Correlated uncertainties are
included by shifting the central experimental value, by an amount determined as explained
in appendix B of [108].

From inspection of table 3 and of figure 2, we observe that the values of ngp 1 tn» computed
with different input PDFs, are generally closer to each other than the corresponding values
of ngp. This fact suggests that the inclusion of theory uncertainties is essential to assess
the predictive power of a given PDF set. Moreover, the values of szp L¢n are very similar
across PDF sets: this is manifest in the case of the ATLAS and LHCb datasets, and true on
average for the CMS dataset. In this latter case, the PDF sets with larger values of ngp tth
on the W dataset have the smaller values of ngp 4¢n On the W™ dataset, and the other way
around. For the CMS W distribution, whereas the total ngp 4¢n Temains within 1o of the
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Figure 2. The breakdown of x2,,,y,, €q. (3.13), into X2, mnos €4- (3.15), and X2y, eq. (3.14), for
the ATLAS (nqat = 38, \/2/ndat = 0.23), CMS (each set made of nga; = 18, \/2/n4dar = 0.23), and
LHCb (ngat = 18, v/2/ndat = 0.33) Drell-Yan gauge boson production measurements at the LHC
13 TeV. Note that the inclusion of MHOUs has a negligible impact on the x? values of the CMS 13 TeV
W distributions when theoretical predictions are computed with NNPDF4.0, hence the dark blue
component of the corresponding histogram is hardly visible.

x? distribution per unit point for all PDF sets, the experimental ngp is close to one only
for NNPDF3.1 and NNPDF4.0. In the case of the CMS W™ distribution, the ABMP16 and
NNPDF4.0, and to a lesser extent the MSHT20 set do yield a somewhat worse description, in
that the corresponding values of ngp _¢n are almost 20 away from the unit expectation. For
the purely experimental ngp, the predictions obtained with NNPDF4.0 and CT18 are almost
30 away from one. Despite these differences, when all uncertainties are kept into account, we
cannot single out a PDF set that, overall, generalises better than another on these datasets.

The breakdown of ngp L¢n into its theoretical components depends on the dataset and
on the PDF set. The component due to MHO, gauged from the difference between ngp and
ngp +mho> dominates the ATLAS measurement, irrespective of the PDF set, whereas it is less
prominent in the other datasets. For CMS, this is almost immaterial, irrespective of the PDF
set. For LHCb, irrespective of the PDF set, this is typically as large as the component due
to PDF+a, uncertainties, gauged from the difference between ngp tmho and ngp 4¢n- This
latter component may depend on the PDF set, being usually larger for PDF sets affected
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Figure 3. Data-theory comparison for the ATLAS, CMS, and LHCb Drell-Yan gauge boson production
measurements at the LHC 13 TeV of table 1. (Upper panels) The measured and predicted cross
sections, with experimental and total (MHO and PDF+a;) theoretical uncertainties. (Middle panels)
The same cross sections normalised to the experimental central value. (Lower panels) The relative
PDF+a; (dashed) and MHO (solid) uncertainties separately. In all panels, the experimental error
bars correspond to the total uncorrelated uncertainty. Correlated uncertainties are kept into account
by shifting the central experimental value as explained in appendix B of [108].

by the largest uncertainties, such as CT18 and PDF4LHC21, see figure 1. All these facts
are a consequence of how the various partonic channels contribute to the cross sections of
these processes. The ATLAS measurement receives its leading contribution, which is O(«s),
from the quark-gluon partonic luminosity. The CMS and LHCb measurements receive their
leading contributions, which are O(a?), from quark-antiquark partonic luminosities, yet in
different regions of x, given that they are central and forward rapidity measurements: the
former at intermediate values of x; the latter at large values of x.

The quality of the data description is generally good, being ngp +n ~ 1, except for
LHCb, for which ngp+th ~ 2, irrespective of the PDF set. For ATLAS, ngp—i—th ~ 04,
again irrespective of the PDF set. This value is anomalously small, and may point towards
the fact that MHOU are actually overestimated by scale variations. Discrepancies between
data and theory that may lead to these results are seen in figure 3, where the alignment
of experimental data and theoretical predictions is optimal, within their uncertainties, for
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Table 4. Same as table 3 for the ATLAS Drell-Yan gauge boson production measurements at the

LHC 8 TeV [42].
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Figure 4. Same as figures 2 (left) and 3 (right) for the ATLAS Drell-Yan gauge boson production
measurements at the LHC 8 TeV [42] (ngat = 7, v/2/Ndat = 0.53).

all datasets. We therefore conclude that the somewhat high ngp 4¢n for LHCD is due to
experimental correlations, and will likely decrease once the dataset is included in a fit. Note
finally that the quality of the data description of the CMS measurement would have been
rather worse, at face value, had the regularisation procedure described in section 3.2 not
been applied. The values of ngp 4 Obtained without it are reported in appendix A. As we
can see from figure 3, theoretical predictions are almost spot on experimental measurements.
The otherwise very large values of the y? obtained without regularisation are spurious, and

denote an ill-conditioning of their experimental covariance matrix.

4.2 The ATLAS 8 TeV inclusive Z boson production measurement

We then consider the ATLAS measurement of Drell-Yan Z boson production at the LHC
8 TeV outlined in section 2. The values of ngp and ngp 1tn» computed with each of the
PDF sets summarised in section 3.3, are reported in table 4. The breakdown of ngp th
into ngp mho and ngp and the data-theory comparison are displayed in figure 4, in the
same format as figures 2 and 3.

From inspection of table 4 and figure 4, we observe that the values of ngp ¢ decrease
significantly with respect to ngp. As already remarked for the other Drell-Yan data, this
fact further indicates that a careful account of theoretical uncertainties is crucial to assess
the predictive power of a PDF set. For CT18 and NNPDF4.0, the MHO and PDF+a;
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contributions to the x? have approximately the same size, and are relatively large. For
MSHT20 and PDF4LHC21, the MHO contribution to the x? is essentially immaterial. This is
possibly due to the fact that there is a large variance in the quality of the description of this
dataset before including theoretical uncertainties in the computation of the x2: even if all PDF
sets provide an unsatisfactory description of the data, MSHT20 and PDF4LHC21 have a ngp
of order 2, whereas all of the others have a ngp of order 5-10. Once theoretical uncertainties
are included, one gets ngp 4 Of the order of 1, except for ABMP16 and NNPDF4.0, for
which ngp 4 18 equal to 3.47 and 3.83. The discrepancy between experimental data and
theoretical predictions obtained with NNPDF4.0 instead of PDF4LHC21 is visible in the
right panel of figure 4. The shape of the NNPDF4.0 prediction displays a peculiar dip around
a value of the dilepton rapidity of 2.7.

This is a case in which NNPDF4.0 seems to perform poorly. This fact is a little surprising
because, as discussed in section 2.1, an earlier version [68] of the ATLAS measurement of [42]
was included in NNPDF4.0. This is a substantial difference with respect to all of the other
measurements examined in this work, which, albeit corresponding to production processes
already included in NNPDF4.0, are completely out of sample. For this reason, we consider
that, only in this case, some more extensive investigations are needed. To this purpose, we
recompute the values of ngp and ngp 4 using the NNPDF4.0 PDF sets that include QED
corrections [129], MHOUs [106], and aN3LO corrections and MHOUs [130]. All these PDF
sets include the ATLAS Drell-Yan Z boson production measurements at 8 TeV presented
in [67, 68]. Furthermore, to understand the interplay of these measurements with the new
version considered here [42] (see section 2 for details), we perform the following additional fits:

(a) a fit equivalent to the NNLO NNPDF4.0 baseline fit excluding the ATLAS measurement
of [68];

(b) a fit equivalent to the NNLO NNPDF4.0 baseline fit in which the ATLAS measurement
of [68] is replaced with that of [42];

(c) a fit equivalent to fit (b), in which the ATLAS measurement of [42] is weighted as
explained in section 4.2.3 of [§];

(d) a fit equivalent to fit (b), including MHOUs.

The values of ngp and ngp 1n computed with the baseline NNPDF4.0 PDF set and
with all the aforementioned PDF sets are collected in table 5. Values are displayed for the
ATLAS measurement of [42], which is included only in fits (b), (c), and (d), for the ATLAS
measurement of [68], which is included in the NNPDF4.0, aN3LO MHOU, MHOU, and QED
fits, and for the subset of the ATLAS measurement of [68] corresponding to the invariant
mass bin of the Z peak. This way, the kinematic coverage is the same as in [42]. The results
corresponding to the NNPDF4.0 baseline fit are the same as in table 4.

From table 5, we make the following conclusions. The ATLAS dataset of [68] is described
fairly well by NNPDF4.0, including the bin corresponding to the Z-peak invariant mass,
whereas the dataset of [42] is not, even when accounting for theoretical uncertainties in the
computation of ngp 4tn- This state of affairs does not change if one considers variants of
the NNPDF4.0 PDF sets including N3LO corrections, MHOUs, or QED corrections. It is
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Xppon 383 332 333 393 343 224 017 1.95
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X2p 790 842 838 877 724 349 018 3.19
X n 108 105 101 1.09 1.08 106 1.02 1.01
ATLAS 8TeV Z A2, [68] 60 0.18 P
XZp 123 118 L1l 125 124 128 141 117
2 1.30 1.27 1.27 129 1.31 1.30 1.28 1.28
ATLAS 8 TeV Z 42 (at Z-peak) [68] 24 0.29 Xexp-+th

dly|

ngp 1.31 128 1.27 1.30 1.31 1.31 1.28 1.31

Table 5. Same as table 4 for the baseline NNPDF4.0 PDF set and for the additional NNPDF4.0-like
PDF sets described in the text. Values are displayed separately for the measurement from [42], for
the measurement from [68], and for the subset of the latter corresponding to the invariant mass bin of

the Z peak.

therefore unlikely that theoretical inaccuracy is a limitation in the description of the ATLAS

measurement of [42]. The ATLAS dataset of [68] is described with comparable quality by a

PDF set determined from a fit without it (fit (a)); in this case, the description of the ATLAS

dataset of [42] does not improve in a significant way. If instead one tries to fit the ATLAS

measurement of [42] (fit (b)), the value of ngp +in (XZp) improves by about 20 (80). At the
same time, the description of the ATLAS measurement of [68] does not change in a significant
way. We therefore conclude that the old and new measurements are not in tension between each
other. The picture can be further improved if one repeats fit (b) with inclusion of MHOUs (fit
(d)): in this case, the values of ngp o and x2,, reduce by about another half of a sigma. One
may finally wonder whether the ATLAS measurement of [42] is in tension with other datasets
included in NNPDF4.0. In this respect, fit (c) reveals that an overly good description of the
dataset can be achieved if it is overweighted. The description of the ATLAS measurement
of [68] is not significantly altered, in comparison to the other fits, thus confirming that the
two measurements are consistent with each other. However, the global fit quality deteriorates
significantly: the total ngp per point increases from 1.16 (in the default NNPDF4.0 fit) to
1.24. Because there are about 4600 fitted data points, this corresponds to a worsening of
about 4. Inspection of individual dataset figures reveals that this is due to a deterioration
in the description of several Drell-Yan measurements, which see the following increase in
the value of x2,,;: DO W muon asymmetry production [131] from 1.91 to 4.27 (ngat = 9);
ATLAS W, Z production, 7 TeV [132] from 1.67 to 3.07 (nqas = 53); LHCb Z production,
7TeV [133] from 1.65 to 2.48 (ngas = 9); LHCb W production, 7 TeV [134] from 1.97 to 4.12
(ngat = 29); and LHCDb Z production, 8 TeV [135] from 1.33 to 2.32 (nqat = 17). We therefore
conclude that the ATLAS measurement of [42] is in tension with these other datasets.

In summary, the ATLAS measurement of [42] is consistent with its earlier version [68],
but in tension with other Drell-Yan measurements included in NNPDF4.0. An acceptable
description of it can be achieved if this is included in the fit and if MHOU are taken into
account. The value of ngp 4tn = 1.95 is indeed only slightly less than 20 away from the unit
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expectation. This level of disagreement does not appear to be more pathological than that
observed for few other datasets included in NNPDF4.0, and is also similar to that observed
for other datasets examined in the following. Note however that, for all of the other datasets
examined in this work, we will look at the data-theory (dis)agreement only before inclusion
in a fit. Refitting could possibly improve the overall picture, however investigations along
this direction are beyond the scope of this work, as they will be part of the dataset selection
involved with a future NNPDF release.

4.3 Top-quark pair production measurements

We continue by discussing the LHC top-quark pair production measurements outlined in
section 2, see also table 2. The values of ngp and ngp +tn» computed for each of the PDF
sets summarised in section 3.3, are reported in table 6. The experimental covariance matrix
is regularised as explained in section 3.2 for the following datasets: the ATLAS all-hadronic
absolute single-differential distribution in the invariant mass of the top-quark pair and double-
differential distribution in the invariant mass and absolute rapidity of the top-quark pair; the
ATLAS lepton+jets normalised single-differential distributions in the invariant mass of the
top-quark pair and in the transverse momentum of the top quark; and the CMS lepton+jets
normalised double-differential distribution in the invariant mass and absolute rapidity of
the top-quark pair. See appendix A for the unregularised values of ngp 4tn- The breakdown
of ngp 44 into ngp tmho and ngp is displayed in figure 5, albeit only for a representative
subset of distributions, specifically: the ATLAS lepton+jets normalised cross sections, single-
differential in the transverse momentum of the top quark, p%, and in the invariant mass of
the top-quark pair, m,z; the CMS lepton+jets normalised cross sections, single-differential in
the absolute rapidity of the top quark and of the top-quark pair, |y;| and |y;;|; the ATLAS
all-hadronic absolute cross section, double-differential in the invariant mass and absolute
rapidity of the top-quark pair; and the CMS lepton-+jets normalised cross section, double-
differential in the invariant mass and absolute rapidity of the top-quark pair. Histogram plots
for the other datasets are collected in figure 15 of appendix B. The data-theory comparison
is displayed in figure 6 for the same representative subset of top-quark pair measurements of
figure 5. In the case of the ATLAS and CMS double-differential distributions, only the bin
at the lowest invariant mass is shown. Additional results are collected in figures 1617 of
appendix B. Note that, for normalised distributions, we consistently do not display the last
bin, which is linearly dependent from the others by construction. Hence the number of data
points displayed is one unit less than the number of data points reported in table 2.
From inspection of table 6 and of figure 5, we make considerations very similar to those
made for Drell-Yan weak boson production measurements at the LHC 13 TeV. Namely, that
the values of ngp +n> computed with different input PDFs, are closer to each other than the
corresponding values of ngp, and that the former are generally rather similar across PDF
sets. The only partial exceptions are given by the ATLAS all-hadronic double differential
measurement, for which the values of ngp 1¢n are away from one by slightly more than 1o for
the MSHT20 and CT18%Z sets, and the ATLAS leptons+jet single-differential measurement
in the absolute value of the top-quark rapidity, for which the total ngp ¢n computed with
NNPDF3.1 is slightly more than 1o away from one. As far as CMS is concerned, the
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Figure 5. Same as figure 2 for a representative subset of top-quark pair production measurements at
the LHC 13 TeV. Specifically, from top to bottom, left to right: the ATLAS lepton+jets normalised cross
sections single-differential in the transverse momentum of the top quark ptT (Ndat = 8, v/2/Ndar = 0.50),
and in the invariant mass of the top-quark pair m.; (nqat = 9, \/2/ndat = 0.47); the CMS lepton+jets
normalised cross sections, single-differential in the absolute rapidity of the top quark and of the
top-quark pair |y:| (naat = 11, \/2/ngat = 0.43) and |y.z| (ngar = 10, v/2/ngar = 0.45), the ATLAS
all-hadronic absolute cross section, double-differential in the invariant mass and absolute rapidity of
the top-quark pair (nq.s = 11, 1/2/ndat = 0.43); and the CMS lepton+jets normalised cross section,
double-differential in the invariant mass and absolute rapidity of the top-quark pair (ng.s = 35,
v/2/ndas = 0.24). Histogram plots for the other datasets are collected in figure 15 of appendix B.
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Figure 6. Same as figure 3 for the same representative subset of top-quark pair measurements
of figure 5. In the case of the ATLAS (bottom left) and CMS (bottom right) double-differential
distributions, only the bin at the lowest invariant mass is shown. Additional results are collected in
figures 16-17 of appendix B.
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2 0.84 0.99 097 094 097 0.86 081 096 0.93
ATLAS 13TeV tf all hadr. 4o 9 0.47 Xexp+th
* x%p 088 1.21 116 115 1.12 091 084 1.13 1.06
2
0.62 0.78 0.77 0.85 0.74 0.64 0.68 0.73 0.73
ATLAS 13TV ¢f all hadr. £ 4o 12 0.41 Xexp+th
* x%p 0.68 0.85 0.83 095 079 0.67 0.71 0.82 0.78
. ) Xppen 092 138 139 142 148 1.2 1.22 1.22 1.39
ATLAS 13 TeV tf all hadr. #ﬂﬁy*l 11 0.43 exp
e x%p 105 255 238 284 208 1.20 129 211 2.07
2 141 1.17 1.17 1.04 1.18 146 1.39 1.20 1.19
ATLAS 13 TeV ¢f £+ 5 L jdo_ 9 0.47 Xexpth
¢ Xop 1.67 1.26 1.26 1.12 1.27 1.65 1.57 1.32 131
2
ATLAS 13 TeV 15 ¢4 5 4 2 e om0 Xoprw 056 051 054 052 0.53 056 0.53 053 053
T x%p 076 0.68 0.68 0.67 0.69 0.77 0.72 0.68 0.70
2 1.39 1.05 1.09 092 1.10 1.70 1.58 1.09 1.15
ATLAS 13TeV ¢ £ +j o2 5 0.63 Xexptth
’ x%p 162 117 119 1.00 1.14 1.86 1.62 1.26 1.29
2
0.57 043 0.42 0.58 0.47 0.58 0.42 0.42 0.39
ATLAS 13TeV tf £+ L ﬁ 7 0.53 Xexp-+th
o X%p 074 0.57 055 0.99 0.66 0.65 0.47 0.56 0.47
) X2ppen 024 049 051 053 057 029 033 042 0.44
CMS 13TeV tf £+ j L 9o 15 0.37 P
* X2p 037 1.38 1.30 1.44 1.15 0.39 042 1.14 0.98
2 2.77 2.89 2.87 276 3.36 3.01 3.61 2.81 2.81
OMS 13TeV tF ¢4 L #M 35 0.24 Xexp+th
e x%p 837 142 137 166 131 7.31 814 131 11.6
2
OMS 13TV 4F 4 5 4 6 05 Nopim 078 062 063 0.66 061 0.79 081 0.63 065
T x%p 131 0.68 0.70 0.69 072 1.24 117 0.74 0.78
2 1.07 154 157 1.81 1.90 1.22 157 1.38 1.42
CMS 13TV ¢ £+ 5 £ 4o 11 0.43 Xexp-+th
' X%p 161 3.08 294 4.02 281 146 1.84 277 2.49
2
0.94 201 1.89 216 244 1.76 2.71 1.53 2.00
CMS 13 TeV tf £+ j %# 10 0.45 Xexp-+th
tt

ngp 8.65 11.0 10.7 129 10.4 8.06 8.72 10.6 9.82

Table 6. Same as table 3 for the ATLAS and CMS top-quark pair production measurements at the
LHC 13 TeV.

leptons+jet double differential distribution is poorly described by all PDF sets, with the
total ngp 4n being away from one by more than 3o for all PDF sets. Less dramatic, but
still significant, is the spread of szp 1tn values across PDF sets for the CMS lepton+jets
single-differential distribution in the absolute rapidity of the top-quark and of the top-quark
pair: in the former case, predictions obtained with CT18Z and MSHT20 are 20 away from
one, whereas predictions obtained with MSHT20 and NNPDF4.0 are about 30 away from
one (with NNPDF4.0 performing a little worse than MSHT20 by a quarter of a sigma).

The breakdown of ngp ¢ into its theoretical components depends on the dataset. The
component due to MHO, which is relatively independent from the PDF set, prevails over the
PDF+a;s component in the ATLAS lepton+jets distributions differential in the transverse
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momentum of the top quark and in the invariant mass of the top-quark pair, and in the
CMS lepton+ijets distribution differential in the absolute rapidity of the top-quark pair. The
PDF+as component prevails in the other datasets, although it depends on the PDF set:
it is generally larger for the CT18 and PDF4LHC21 PDF sets, which are affected by the
largest uncertainties, see figure 1, whereas it is almost immaterial for NNPDF4.0, which
has the smallest PDF uncertainties.

Overall, the quality of the data description is generally good, being ngp L ~ 1 for
all the datasets, except in the case of the CMS normalised single-differential distribution
in the absolute rapidity of the top-quark pair, and double-differential distribution in the
absolute rapidity and invariant mass of the top-quark pair, for which ngp th ~ 2 — 3
Discrepancies between data and theory that may lead to these results are seen in figure 6, where
experimental data and theoretical predictions are generally well aligned to each other, within
their uncertainties, except, precisely, for the aforementioned datasets. Understanding the
reason for this behaviour, which is common to most PDF sets, is left to future investigations.

4.4 Single-inclusive jet and di-jet production measurements at the LHC

We now turn to LHC single-inclusive jet and di-jet production measurements outlined in
section 2. The values of ngp and ngp ¢ are reported in table 7. The experimental covariance
matrix is regularised as explained in section 3.2 for all the datasets. Without regularisation, the
values of ngp are very poor, as they are away from one by more than 10-20c0, independently
of the input PDF set. See appendix A for the unregularised values of ngp +n- Clearly
the results that we present here do depend on regularisation. However, as discussed in
appendix A, this dependence does not affect our ability to discriminate how well different
PDF sets describe the data, which is the goal of this work. If, instead, we were interested to
characterise the datasets for inclusion in a PDF determination (or not), we would consider
other ways of decorrelating uncertainties, for instance by identifying uncertainties that, for
experimental reasons, are more likely to be overcorrelated, see e.g. [111]. In this sense, the
main message conveyed by the numbers in table 7 is that the single-inclusive jet and di-jet
datasets require additional investigations on the understanding of uncertainty correlations.
Only after accomplishing these investigations, which are beyond the scope of this work, one
may be able to better judge how the various PDF sets comparatively generalise on them.

The breakdown of ngp ¢ 1ntO ngp tmho and ngp after regularisation is displayed in
figure 7. The data-theory comparison is displayed in figures 8, 9, and 10, respectively for
the ATLAS and CMS single-inclusive jet, and for the ATLAS di-jet measurements. In the
first and second (third) cases, we plot the double differential cross section as a function of
the transverse momentum of the leading jet, p{r (the invariant mass of the two jets, m;;),
for the two outermost bins of the absolute value of the jet rapidity, |y;| (of the two-jet
rapidity separation |y*|). The other bins are displayed, respectively, in figures 18, 19, and 20
of appendix B.

From inspection of table 7 and of figure 7, very similar remarks can be drawn for the
three considered datasets. First, when theory errors are not included in the computation of
the x2, the NNPDF4.0 PDF set performs better than any of the others, in the sense that the
NNPDF4.0 ngp is the closest to unity among all PDF sets, although the ngp is still away

— 29 —



=~
= S O O
< s £ 5 3
£ - I 8 £ 2 5 F F
E £ £ £ F 5 £ 5 &
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2 1.85 1.56 1.64 1.38 1.67 1.21 1.51 1.20 1.25
ATLAS 13 TeV incl. jet % 177 0.11 Xexp-+th
ngp 2.32 248 247 250 253 298 1.95 3.02 2.40
) X2oppn 164 158 160 152 1.64 147 150 148 1.43
CMS 18TeV incl. jet Ro.a g 78 0.16 P
XZp 205 229 2.25 226 223 221 202 230 2.18
2 1.13 1.08 1.09 1.05 1.16 1.09 1.15 1.01 0.96
ATLAS 13 TeV dijets L0 136 0.12  Yexptth
& XZp 125 149 147 148 141 1.37 1.29 142 141

Table 7. Same as table 3 for the ATLAS and CMS single-inclusive and di-jet production measurements

at the LHC 13 TeV.

CMS 13 TeV single-inclusive jets (R=0.7) 72~

ATLAS Jet 13 TeV: ¢ TdM
2.5 1
2,51
2.0 1
2,04
1.01 1.01
0.5 Xop+th 0.5 Xexp+th
B X2+ mho X 4 mho
- X, - i,
0.0 T T T T 0.0 T T T T
cT18 MSHT20 NNPDF4.0 PDF4LHC21 cT18 MSHT20 NNPDF4.0 PDF4LHC21

ATLAS Dijet 13 TeV: dm dly ‘

1.4

2
Xexp+th
2
0.2 ™ Xexp+mho
2
[

0.0 T T T T
CT18 MSHT20 NNPDF4.0 PDF4LHC21

Figure 7. Same as figure 2 for the ATLAS and CMS single-inclusive (with ng.; = 177 and nq.s = 78
respectively, and 1/2/nq.s = 0.11 and 0.16 correspondingly) and di-jet production measurements at

the LHC 13 TeV (nda; = 136, \/2/nqar = 0.12).
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Figure 8. Same as figure 3 for the ATLAS single-inclusive jet double differential cross section as a
function of the transverse momentum of the leading jet, p7., for the two outermost bins of the absolute
value of the jet rapidity, |y;|. The other bins are displayed in figure 18 of appendix B.
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Figure 9. Same as figure 8 for the CMS single-inclusive jet double differential cross section. The
other bins are displayed in figure 19 of appendix B.

from one by more than 10o. Some PDF sets may lead to comparatively larger values of ngp,
such as APMP16, however the statistical significance of these fluctuations must be seen in
units of the x? standard deviation, as we will further discuss in section 4.6. Second, once all
the theory errors are included, the values of ngp 4n become relatively close, irrespective of
the input PDF set used for their computation. However, in the case of single-inclusive jets,
they are all a few units away from one, suggesting that once these datasets are included in the
fit, they might have a significant pull on the gluon PDF. The values of ngp 4n being relatively
close suggests also that, except perhaps for ABMP16, which continues to display rather
large values of ngp L €ven after inclusion of theoretical uncertainties, it may be difficult to
discriminate the quality of the predicting power of the various PDF sets based solely on these
measurements. Third, the relatively homogeneous values of ngp ¢n Occur despite the input
PDF sets have very different uncertainties. For instance, PDFALHC21 uncertainties are twice
the NNPDF4.0 uncertainties, see figure 1. The breakdown of the theoretical uncertainty into
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Figure 10. Same as figure 3 for the ATLAS di-jet double differential cross section, as a function of
the invariant mass of the di-jet pair, m;;, for the two outermost bin in the absolute rapidity separation
between the two jets. The other bins are displayed in figure 20 of appendix B.

its various components can be different depending on the PDF set. The MHO uncertainty
remains more or less the same for all PDF sets. Conversely, the PDF+ag uncertainty is the
smallest for NNPDF4.0. This is consistent with the fact that NNPDF4.0 PDF uncertainties
are typically the smallest among all the PDF sets considered, see figure 1. Finally, it is
interesting to observe that the balance between the various components of the theoretical
uncertainty depend on the kinematics. From figures 8-10, we see that the PDF+«a, (MHO)
uncertainty dominates at small (large) pgﬂ or myjj.

4.5 Single-inclusive jet and di-jet production measurements at HERA

We finally discuss the HERA single-inclusive jet and di-jet production measurements outlined
in section 2.3. The values of ngp and ngp 4n are reported in table 8. The experimental
covariance matrix of the H1 low-Q? single-inclusive jet and di-jet measurements is regularised
as explained in section 3.2. The unregularised values of ngp +¢n are reported in appendix A.
The breakdown of ngp 4 into ngp +mho and ngp is displayed in figure 11, albeit only for the
H1 data. The data-theory comparison is displayed in figure 12 for the highest Q2 bin of the
H1 single-inclusive jet and di-jet differential cross sections as a function, respectively, of the
transverse momentum of the leading jet and of the average transverse momentum of the jet
pair. Histograms plots for the ZEUS measurements and data-theory comparison plots for the
remaining H1 bins and for all of the ZEUS bins are collected in figures 21-28 of appendix B.

From inspection of table 8 and figure 11, we observe that the values of ngp 4n and of
ngp are very similar when different input PDF sets are used. All PDF sets generalise equally
well on these datasets. The largest component of ngp 4 18 due to MHO, in a proportion
which is roughly the same across PDF sets. The PDF+a,; component of ngp L 1S almost
immaterial (for the H1 low-Q? dataset), very small (for the H1 high-Q? single-inclusive
jet dataset), or as large as the MHO component (for the H1 high-Q? di-jet dataset). The
quality of the data description is generally very good, with ngp 4n ~ 1 for all the datasets,
except for the H1 high-Q? dataset, in which case ngp 1th ~ 2. Investigations into the reasons
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Dataset Ndat  \/2/Ndat < (@) ©) @) = Z Z fa) a,
2 1.64 161 1.61 1.67 161 1.70 1.74 1.61 1.73
H1 incl. jet (low Q?) de;d”pT 37 0.23 Xexp+th
ngp 7.68 217 214 211 216 2.16 2.12 217 2.14
2 1.62 166 1.62 163 1.64 149 1.63 1.58 1.59
HI incl. jet (high Q2) e 24 029 expteh
ngp 2.40 2.28 2.20 2.18 2.27 243 242 2.33 2.27
2 x> L th 0.67 0.69 0.68 0.67 0.68 0.66 0.65 0.68 0.67
ZEUS incl. jet (low lumi.) deQdUE 30 0.26 exp
T X%p 069 071 0.70 0.69 0.70 0.69 0.67 0.70 0.69
2 0.77 0.77 0.77 0.76 0.78 0.77 0.76 0.77 0.77
ZEUS incl. jet (high lumi.) TQd;dUT 30 0.26 Xexp+th
T ngp 0.82 0.83 0.82 0.80 0.82 0.84 0.81 0.83 0.82
2 1.37 1.39 1.38 1.37 1.39 142 1.44 1.36 1.44
H1 di-jets (low Q2) w%(ﬂpﬂ 37 0.23 Xexp-+th
ngp 11.0 1.75 1.73 1.68 1.75 1.82 1.78 1.77 1.75
2 2.21 2.03 2.00 195 203 1.84 2.12 1.94 1.97
H1 di-jets (high Q?) dQQd;d?pT) 24 0.29 Xexp+th
ngp 2.63 247 237 232 242 265 2.63 2.51 245
2
0.81 0.75 0.75 0.71 0.78 0.90 0.83 0.77 0.79
ZEUS di-jets m%é) 99 0.30 Xexp+th
T X%p 149 1.20 127 124 1.32 171 1.63 1.37 1.42

Table 8. Same as table 3 for HERA single-inclusive jet and di-jet data.

for this behaviour, which is consistent throughout PDF sets, will be left to future work.
For now, we remark that the agreement between experimental data and the corresponding
theoretical predictions, as seen in figure 12, is generally good, except for specific bins that

display larger fluctuations between the two.

4.6 Combined interpretation

We now combine the results described in the previous sections to gather the overall agreement
between the considered experimental data and the corresponding theoretical predictions.
To this purpose, in figure 13, we display A2 the relative change in the total ngp th
due to the change of input PDF set with respect to the average ngp 1¢n Over PDF sets, see
eq. (3.16). The PDF sets considered here are ABMP16, CT18, MSHT20, NNPDF4.0, and
PDF4LHC21. All the datasets listed in table 1 are considered, except for the 8 TeV ATLAS
Drell-Yan rapidity distribution [42]. The reason being that this dataset, extensively discussed
in section 4.2, is included in MSHT20 and NNPDF4.0 in the form of an earlier analysis [68],
whereas all the other datasets are not included in any PDF set. Furthermore, all the other
data sets are for the LHC Run II. The datasets are grouped by category: LHC Drell-Yan,
LHC top-quark pair, LHC single-inclusive jet and di-jet, and HERA single-inclusive jet and
di-jet production cross sections. The circumference corresponding to Ay? = 0 is highlighted
with a solid curve. In figure 14 we display, in the same format, An((,i , the difference between
the total ngp ¢n computed with the i-th PDF set and the average ngp 1 over PDF sets,
normalised to the standard deviation of the x? distribution, see eq. (3.18). Figures 13 and 14
should be inspected together: the latter provides an assessment of the statistical significance
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Figure 11. Same as figure 2 for the H1 single-inclusive jet (top) and di-jet (bottom) datasets. For
the measurements on the left plots ng.s = 37 and /2/ngat = 0.23, while for the measurements on the

right plots nga.s = 24 and 1/2/ngat = 0.29.

of fluctuations from the average Ax? = 0 seen in the former, in units of the y? standard
deviation. Large fluctuations may have low statistical significance if a dataset has a small
number of data points and the other way around.

On the basis of figures 13 and 14, we conclude that the various classes of datasets are
described to a different level of accuracy. However, whereas the value of Ax? displays sizeable
fluctuations depending on the input PDF set, especially in the top-quark pair and jet sectors,
we realise that discrepancies with respect to the average over PDF sets is almost always
within An, = 1. The most relevant excess occurs with the ABMP16 PDF set in the case of
the ATLAS and CMS single-inclusive jet measurements, and with the NNPDF4.0 PDF set in
the case of the CMS double-differential and rapidity-differential top-quark pair measurements.
In these cases, the excess is between one and three sigma. This fact may be explained by
assuming that these measurements disfavor the softer (harder) large-x gluon of ABMP16
(NNPDF4.0). We also note an anomalous deficiency, close An, = 3, with the PDF4LHC21
PDF set in the case of the ATLAS single-inclusive jet measurements, and with the ABMP16
PDF set in the case of the CMS rapidity-differential top-quark pair measurement. We
therefore conclude that, whereas HERA jet and LHC Drell-Yan measurements may not be
able to discriminate between PDF sets, LHC jet and top-quark pair measurements may help
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Figure 12. Same as figure 3 for the largest Q2 bins of the H1 single-inclusive jet (top) and di-jet
(bottom) datasets. All the other bins are collected in figures 22-25 of appendix B.

put stronger constraints on PDFs; especially those datasets for which the largest fluctuations
among different PDF sets are observed in terms of An,.

As for the general trend displayed by individual PDF sets, on top of the aforementioned
dataset-specific considerations, we remark two interesting facts. First, the NNPDF4.0 PDF
set, despite displaying the smallest uncertainties among all the PDF sets considered in this
work (see figure 1), provides a description of the data which is overall not worse than the
others (with the aforementioned few exceptions). We therefore conclude that theoretical
predictions obtained with NNPDF4.0 are overall as accurate as those obtained with the
other PDF sets, despite their smaller PDF uncertainties, once experimental, MHO, and «;
uncertainties are taken into account, and the regularisation of the covariance matrix is applied
when needed. This is true on average on the examined datasets: as discussed, there are cases
in which NNPDF4.0 performs better than other PDF sets, others in which it performs worse
than these, and others in which the experimental precision of the datasets cannot discriminate
among different PDF sets. Second, the PDFALHC21 PDF set generally displays the value
of Ax? and An, closest to zero among all the PDF sets considered in this work. This fact
is unsurprising, given that PDF4ALHC21 is the unweighted average of the CT18, MSHT20
and NNPDF3.1 PDF sets. Deviations from the mean Ax? = 0 and An, = 0, obtained with
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Figure 13. The relative change in the total ngp 4¢n due to the change of i-th input PDF set, Ax20),
with respect to the average ngp 4 over PDF sets, see eq. (3.16). The PDF sets considered here are
ABMP16, CT18, MSHT20, NNPDF4.0, and PDFALHC21. The datasets are grouped by category:
LHC Drell-Yan, LHC top-quark pair, LHC single-inclusive jet and di-jet, and HERA single-inclusive
jet and di-jet production cross sections. The circumference corresponding to Ax? = 0 is highlighted
with a solid curve.

individual PDF sets, cancel out by construction. In this sense, PDF4LHC21 is a conservative
PDF set, as already illustrated in [26], although it remains the least precise.
5 Summary and outlook

In this paper we have compared theoretical predictions, computed at NNLO accuracy
in perturbative QCD using different input PDF sets, with a wide array of experimental
measurements, typically not yet included in PDF determination. Specifically, we have
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An, for datasets
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Figure 14. Same as figure 13 now for An,, see eq. (3.18).

considered differential cross sections measured at the LHC, for Drell-Yan gauge boson, top-
quark pair, single-inclusive jet and di-jet production, and at HERA, for single-inclusive
jet and di-jet production. We have considered the most widely used PDF sets in LHC
experimental analyses, namely, ABMP16, CT18 (and its variants), MSHT20, NNPDF3.1,
NNPDF4.0, PDF4LHC15, and PDF4LHC21. We have accounted for all the relevant sources
of experimental and theoretical uncertainties, in particular due to PDFs, ag, and MHOUs.

The aim of our work has been twofold. First, to test the predictive power of different
PDF sets, by assessing the goodness with which they describe the datasets not included
in their determination. Second, to quantify the various sources of uncertainty that enter
theoretical predictions, specifically PDF, a;, and MHO uncertainties. These two objectives
are becoming increasingly relevant given the ever higher precision of LHC experiments to
determine SM parameters, such as the strong coupling as(my), the W-boson mass myy, and
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the effective lepton mixing angle sin? 9£H. This precision is now comparable to, if not better
than, that obtained at LEP. This outstanding result requires a careful estimate of all of
the sources of uncertainties that accompany it, in particular the PDF uncertainty, which
is often dominant in LHC measurements.

In this work we have considered the data-theory agreement between predictions obtained
with a broad range of input PDF sets and experimental data, but we have not included
any of the examined datasets in a PDF determination. Only the simultaneous inclusion of
a given subset of statistically independent datasets considered in this work in future PDF
determinations will allow us to determine how the resulting PDFs can adapt to the data, and
possibly improve the description of the data, as well as the precision of PDFs.

The main outcome of our investigations is summarised in the overview plots presented in
section 4.6. We have found that the CT18, MSHT20, NNPDF4.0, and PDF4LHC21 PDF
sets provide a comparable description of all of the datasets considered in this work, once all
sources of theoretical uncertainty are taken into account. We have therefore concluded that
all PDF sets have a similar predictive power and generalise similarly well to unseen data.
Incorporating PDF, ag and MHO uncertainties is crucial to reach this conclusion. These
outcomes may seem counter-intuitive given that individual PDF sets differ among each other
for their central values and uncertainties, by an amount that is not always encompassed by the
latter. Within this general picture, the NNPDF4.0 and PDF4LHC21 sets represent opposite
cases. On the one hand, the NNPDF4.0 set has by far the smallest uncertainties of all PDF
sets, hence it is the most precise. In spite of this fact, it describes the examined data, on
average, as well as the other PDF sets. On the other hand, the PDF4LHC21 set has some of
the largest uncertainties of all PDF sets, hence it is the least precise. This is by construction,
given that it is the combination of three different PDF sets. However, the fact that it describes
the data as well as the other PDF sets means that it does not need to be as accurate as these.

The only exception to this overall trend is represented by the ATLAS 8 TeV inclusive
measurement of the Z rapidity distributions extrapolated to the full phase space, which
underlies the recent ags(myz) extraction from the companion measurement differential in
the transverse momentum of the Z boson. In this case we have found that, despite the
excellent agreement of NNPDF4.0 theoretical predictions with the central values of the
experimental data, the peculiar slope in rapidity, combined with the dominance of the
luminosity normalisation uncertainty, leads to a poor x2. The x? is instead better for other
PDF sets because of their larger PDF uncertainty. This may therefore be a case in which the
accuracy of the NNPDF4.0 set does not match its very high precision. We have investigated
whether this is truly the case. We have found that using variants of the NNPDF4.0 set that
incorporate MHOU and/or aN3LO corrections improves the x? only marginally. We have
also observed that the NNPDF4.0 set and any of its variants provide an excellent description
of the earlier ATLAS measurement of the Z boson rapidity distributions based on the same
collider events. We have finally determined that the y? of this dataset can be lowered only if it
is included, and overweighted, in a fit, at the price of a slight deterioration in the description
of the other datasets. We have therefore concluded that there are residual tensions between
this dataset and the other datasets in NNPDF4.0.
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Two important by-products of this work have been the computation of fast interpolation
grids, accurate to NNLO, and the implementation of the experimental information, in the
NNPDF format, for all the considered datasets. These facts will allow us to streamline
their inclusion in future NNPDF releases. The fast interpolation framework has two major
advantages. First, we will abandon the use of K-factors to account for NNLO corrections in
partonic matrix elements. Second, we will be able to readily vary the renormalisation and
factorisation scales in the computation of theoretical predictions and determine MHOU.

To conclude, as the LHC experiments finalise the Run II legacy measurements, start
to release datasets based on the Run III luminosity, and prepare for the HL-LHC era, our
analysis demonstrates the importance of testing the predictive power of PDFs on a broad
set of high-precision measurements with state-of-the-art theoretical predictions, which must
crucially include all possible sources of theoretical uncertainty. The methodology laid out in
this work can be applied to any upcoming and future LHC measurements that may eventually
provide a clear guidance concerning which PDF sets are preferred by the experimental data.
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A Impact of the experimental covariance matrix regularisation

As discussed in section 3.2, the experimental covariance matrix of all the datasets with Z, > 4
is regularised by means of the procedure laid out in [109]. The values of ngp and ngp +th
reported in section 4 are computed accordingly. In this appendix, we recompute the values of
ngp 4n With the original, unregularised experimental covariance matrix. These values, called
ngp tth,orig» are compared to the ngp ¢ values of section 4 in table 9. We also substantiate
what the largest changes in covariances and correlations are upon applying our regularisation
procedure. To this purpose, we report in table 10, for each of the regularised data sets, the
maximum relative difference of the variances Ao, (in percent) and the maximum absolute
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ATLAS 13TeV tf all hadr. 92— exptt
" X2, ., 092 107 1.05 1.02 1.05 0.94 0.87 1.04 1.01
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X pithong 325 277 290 249 286 217 2.80 2.28 2.38
2 1.64 1.58 1.60 152 1.64 147 150 1.48 1.43
CMS 13 TeV single-inclusive jets (R = 0.4) % X;XP+“‘
X2 ihorg 304 268 269 2.63 294 248 270 251 2.62
2
Xexp-+th 1.13 1.08 1.09 1.05 1.16 1.09 1.15 1.01 0.96

ATLAS 13 TeV di-jets %
Xpiimon 173 156 158 152 172 153 170 146 141

2
2o Xexp+-th 1.64 1.61 1.61 1.67 1.61 1.70 1.74 161 1.73

dQ2dpp 9
Xexp-th,orig 2.20 2.19 219 227 220 230 234 217 2.33

H1 single-inclusive-jets (low Q?)

2
d%o Xexp+-th 1.37 1.39 1.38 137 1.39 142 144 136 1.44

aQZd(pr) 9
XZipithog 228 229 229 221 231 232 234 227 234

H1 di-jets (low Q?)

Table 9. A comparison of the values of szp +tn» computed in section 4 by regularizing the experimental
covariance matrix with the procedure of [109], to the corresponding values ngp +th,origs computed with

the original, unregularised covariance matrix.

difference of the correlation |Ap| computed between the corresponding unregularised and

regularised matrices.

From table 9, we see that the effect of regularisation on the x? depends on the dataset.
For some of these, the effect is huge, e.g. for the CMS Drell-Yan measurement or for the
ATLAS and CMS single-inclusive jet and di-jet measurements. Specifically, it amounts to
a reduction of the x? of more than 200 for the first and of about 7o for the latter. For
others, the effect is small, e.g. for the ATLAS and CMS top-quark pair measurements or for
the H1 single-inclusive jet measurements. This is unsurprising, given that the first datasets
have the largest value of Z, among all the datasets selected in table 2. One may think
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Table 10. The maximum relative difference of the variances Ao, (in percent) and the maximum
absolute difference of the correlation |Ap| computed between the corresponding unregularised and

regularised matrices for the regularised datasets outlined in table 9.

that the regularisation procedure is significantly modifying uncertainties and correlations.
However, as we can see from table 10, changes are relatively mild: the largest relative change
of uncertainties is of order 5%, whereas the largest absolute change of correlation is of order
0.06. The first of this changes results in an effective increase of the diagonal elements of
the covariance matrix. The increase is however moderate: typical LHC uncertainties are
around a few percent, so the actual increase in uncertainty is of the order of a few permil.
The second of this changes results in an effective decrease of correlations by about 6%. We
consider this decrease to also be moderate, and at the same time we appreciate that it may
be experimentally very challenging to quantify correlations with a precision of 6%.
It may seem counter-intuitive that a relatively small change in the covariance matrix
leads to a variation of several standard deviations in the y?. We refer the reader to [109] for
a mathematical demonstration of this fact. Here we shall note that the degree of knowledge
of experimental correlations related to a 1o variation of the y? depends on the size of the
uncertainties. The smaller the uncertainty, the higher the required degree of precision. Roughly
speaking, as one can see from figure 3 of [109], for a 1% (2.5%) uncertainty, correlations

ought to be known with a precision of 2% (12%) in order to be within a variation of the 2
of one standard deviation. It is therefore unsurprising that the largest improvements in the
value of the x? occur for the most precise datasets, which are affected by percent-level (if not
sub-percent-level) uncertainties. That being said, we reiterate the fact that the regularisation
procedure applies to the covariance matrix as a whole, hence it does not discriminate across
different uncertainites that could have a different physical meaning. If we assessed a dataset
for inclusion in a PDF determination, understanding which uncertainties are responsible for
the bad conditioning of the covariance matrix would be mandatory. However, we consider
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that all of these observations do not affect our ability to comparatively judge the performance
of different PDF sets at describing the data. In our view, the regularisation procedure does
not alter the relative pattern of x? among different PDF sets and datasets. Therefore, the
conclusions of section 4 continue to hold.

B Additional results

In this appendix, we collect additional results, complementing those presented in section 4,
for the breakdown of ngp 4¢n iDtO its szp +mho a0d X2, components, and for the data-theory
comparisons. The additional results refer to the following categories of measurements.

Top-quark pair production. Figure 15 displays the breakdown of ngp ¢ Into its ngp +mho
and ngp components for the datasets not displayed in figure 5, namely: the ATLAS
all-hadronic absolute differential distribution in the invariant mass of the top-quark pair;
the ATLAS all-hadronic normalised differential distribution in the absolute rapidity of
the top-quark pair; the ATLAS lepton+jets normalised differential distributions in the
absolute rapidity of the top quark and of the top-quark pair; and the CMS lepton+jets
normalised differential distributions in the transverse momentum of the top quark and of
the invariant mass of the top-quark pair. Figure 16 displays the data-theory comparison
for the top-quark pair single-differential distributions not displayed in figure 6, namely:
the ATLAS all-hadronic normalised distribution differential in the absolute value of the
top-quark pair rapidity; the ATLAS all-hadronic absolute distribution differential in the
invariant mass of the top-quark pair; the ATLAS lepton+jets normalised distributions
differential in the absolute rapidity of the top quark and of the top-quark pair; and
the CMS lepton+jets normalised distributions differential in the transverse momentum
of the top quark and in the invariant mass of the top-quark pair. Figure 3 displays
the data-theory comparison for the top-quark pair bins of the ATLAS and CMS
double-differential distributions not displayed in figure 6.

Single-inclusive jet and di-jet production at the LHC. Figures 18, 19, and 20 display
the data-theory comparison for the remaining rapidity bins not shown in figures 8, 9,
and 10, respectively. Figure 18 corresponds to the ATLAS single-inclusive jet measure-
ment; figure 19 corresponds to the CMS single-inclusive jet measurement; and figure 19
corresponds to the ATLAS di-jet measurement.

Single-inclusive jet and di-jet production at HERA. Figure 21 displays the break-
down of ngp L into its ngp +mho and ngp components for the ZEUS single-inclusive
jet and di-jet measurements outlined in table 2. Figures 22-25 display the data-theory
comparison for the H1 Q? bins not displayed in figure 12, respectively, for the low-Q?
single-inclusive jet and di-jet measurements, and for the high-Q? single-inclusive jet and
di-jet measurements. Figures 26—28 display the data-theory comparison, respectively,
for the ZEUS low-luminosity single-inclusive jet, high-luminosity single-inclusive jet,
and di-jet measurements.
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Figure 15. Same as figure 5 for the ATLAS and CMS datasets not shown there. From top to
bottom, left to right: the ATLAS all-hadronic absolute differential distribution in the invariant mass
of the top-quark pair (ngat = 9, v/2/ndat = 0.47); the ATLAS all-hadronic normalised differential
distribution in the absolute rapidity of the top-quark pair (nqat = 12, 1/2/ndas = 0.41); the ATLAS
lepton+jets normalised differential distributions in the absolute rapidity of the top quark (nqa.; = 5,
/2/ndat = 0.63) and of the top-quark pair (ngat = 7, /2/ndat = 0.53); and the CMS lepton+jets
normalised differential distributions in the transverse momentum of the top quark (ng. = 16,
V/2/ndas = 0.35) and of the invariant mass of the top-quark pair (nqas = 15, 1/2/ndat = 0.37).
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Figure 16. Same as figure 3 for the top-quark pair single-differential distributions not displayed
in figure 6, namely: the ATLAS all-hadronic normalised distribution differential in the absolute
value of the top-quark pair rapidity; the ATLAS all-hadronic absolute distribution differential in the
invariant mass of the top-quark pair; the ATLAS lepton+jets normalised distributions differential in
the absolute rapidity of the top quark and of the top-quark pair; and the CMS lepton+jets normalised
distributions differential in the transverse momentum of the top quark and in the invariant mass of
the top-quark pair.
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Figure 17. Same as figure 3 for the top-quark pair bins of the double-differential distributions not
displayed in figure 6: the first row corresponds to the ATLAS measurement in the all-hadronic final
state; the second and third rows correspond to the CMS measurement in the lepton-+jets final state.
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Figure 19. Same as figure 9 for the intermediate rapidity bins.
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Figure 20. Same as figure 10 for the intermediate rapidity bins.
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Figure 21. Same as figure 2 for the ZEUS single-inclusive jet dataset comprising ng,; = 30 data
points (and 1/2/ngat = 0.26) (top) and di-jet (bottom) dataset comprising nga; = 22 data points (and

\/ 2/ndat = 030)
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Figure 22. Same as figure 12 for the bins of the H1 low-Q? single-inclusive jet measurement not
displayed in figure 12.
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Figure 23. Same as figure 12 for the bins
displayed in figure 12.

of the H1 high-Q? single-inclusive jet measurement not
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Figure 24. Same as figure 12 for the bins of the H1 low-Q? di-jet measurement not displayed in
figure 12.
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Figure 25. Same as figure 12 for the bins of the H1 high-Q? di-jet measurement not displayed in
figure 12.
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Figure 26. Same as figure 3 for the ZEUS low-luminosity single-inclusive jet production measurement.
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Figure 27. Same as figure 3 for the ZEUS high-luminosity single-inclusive jet production measurement.
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Figure 28. Same as figure 3 for the ZEUS di-jet production measurement.
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